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GENETIC VARIATION IN THE ACUTE LETHAL RESPONSE OF FOUR 
INBRED MOUSE STRAINS TO WHOLE BODY X-IRRADIATION! 


DOUGLAS GRAHN anp KATHERINE F. HAMILTON 


Division of Biological and Medical Research, Argonne National Laboratory, Lemont, Illinois 


Received August 30, 1956 


HE existence of genetic variation in radiation sensitivity within a species has been 

acknowledged since HENSHAW (1944) reported a difference in the acute lethal 
response of C3H and LAF; mice to X-radiation. Since that time, strain or genetic 
differences in the radiation response of small laboratory mammals have been indi- 
cated for the sterilization dose (LORENz e/ al. 1947), susceptibility to leukemia in- 
duction (KiRsCHBAUM and MIXER 1947), changes in blood chemistry (KoHN 1951), 
hematopoietic response after spleen protection (KAPLAN and PauLt 1952), changes 
in body and organ weight (GRAHN 1954a,b) and for the reduction of life expectancy 
(HENSHAW ef al. 1947; Evans 1948; SACHER 1950; GowEN 1956). 

Although the single dose LD5» value is often used in radiobiological studies as an 
experimental end point, information concerning genetic variation in this value is 
inadequate. Strain differences in the LD5» following X-irradiation are known to exist 
in mice (LORENz ef al. 1952) and rats (KonN 1951). RuGH (1953), reviewing several 
independent studies, indicated that the LD50 value in mice may vary from 400r to 
650r of X-rays, depending upon the strain employed. This range of LDs5o values is 
confounded, however, with differences in age at exposure, radiation quality, and 
unaccountable environmental factors that certainly must vary among laboratories. 
No attempt has been made to quantify, in a single experimental effort, strain dif- 
ferences in acute lethality. Consequently, certain features such as age changes in 
sensitivity, dosage-mortality slopes and sex differences are known only in general 
terms. 


MATERIALS AND METHODS 


In order to describe quantitatively strain or genetic differences in radiation re- 
sponse, three separate inbred mouse strains and two sublines of a fourth strain were 
exposed to single whole-body doses of X-irradiation. In addition to data on strain 
differences of LD5o values, dosage-mortality slopes and sex effects, some information 
on age effects was obtained by deliberately employing a limited amount of variation 
in age at time of exposure. To facilitate interlaboratory comparison, strains were 
chosen which have been used frequently in experimental radiobiology, cancer genetics 
and general mouse genetics. 

Inbred strains BALB/c, C3H;¢/ He, C57BL/6 and sublines A/Jax and A/He of the 
A strain were used in this study. All mice were bred and maintained by full-sib 
matings in this laboratory under conditions of constant temperature and humidity. 

The data for each strain are composed of a series of 15 to 20 independent tests 


! Work performed under the auspices of the U. S. Atomic Energy Commission. 
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TABLE 1 


Summary of experimental design for each strain 


de Total co ging — of aan sateen — of ppt eed 
BALB/c 672 12 420-—600r 17 40 

A (Combined 1008 13 480-—660r 30 34 
A/Jax 522 11 480-645r 15 35 
A/He 486 12 495-—660r 15 32 
C3H;/He 845 10 525-660r 19 

C57BL/6 687 8 570-675r 16 43 


or replications. With the exception of several preliminary single point tests, the 
replication or test group was subdivided into dose groups of an average size of 14 
mice with both sexes being represented in about equal numbers. From two to five 
dose groups, depending on the number of animals available, were exposed in each 
test. All of the mice of a test dose group were irradiated in a single exposure run of 
approximately 30 minutes duration. 

After the dose range had been ascertained over which a fractionally lethal response 
would occur (from approximately 5 to 95 percent mortality), the data were pro- 
gressively built up, test by test, during a period of nearly two years. At least three 
independent measures of mortality were made at each dose employed for a given 
strain although in the more prolific strains it was possible to obtain five or six assays 
per dose. Within each strain, however, approximately equal numbers were exposed 
to all doses. 

The doses were separated by a 15r interval, starting with the lowest dose of 420r. 
Table 1 presents a summary of the experimental features for all strains. 

Since litter-mates, within-sex, were caged together, the doses delivered in each 
test were systematically distributed across mice of the same litter. This procedure 
effectively balanced the contribution of age and all factors pertinent to a litter 
(i.e. parity and litter size) across all doses within a test, and circumvented the 
heterogeneity that can arise (KAPLAN and Brown 1952; Smiru ef al. 1954a) when 
litter differences are confounded with dose. 

However, as a result of chance, each replication or test had a mean age, parity 
and litter size that differed slightly from all other tests. The removal of this varia- 
tion from the final estimates of the LDs5o is discussed below. 

Because of the distribution process carried out within tests, doses automatically 
became balanced across cages, the latter usually holding from 8 to 14 mice. The two 
sexes and all strains were caged separately. A 30-day observation period was used 
for determining acute lethality. Survivors are being kept for the study of strain 
differences in the lifetime effects of single doses. 

All exposures were done with a half-wave self-rectified X-ray generator operating 
at 200 kvp and 15 ma. With a HVL of 1.1 mm Cu and a target distance of 27 inches 
to the mid-point of the animal, dose rates of 21 to 23r/minute in air were achieved. 


For statistical analyses, each test-dose percentage mortality value was trans- 
formed to the arcsine scale in order to make the mortality response linear to dosage 
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expressed on the arithmetic scale. All values were weighted by the pertinent number 
of animals. 

In order to estimate the LD50,30 values (the dose expected to kill 50 percent of the 
animals in 30 days) a dosage mortality slope, bu.a, or the regression of arcsine 
mortality on dose was derived. In this study, the slope employed for each strain is 
the average within test slope obtained by means of covariance analysis techniques 
described by SNEDECOR (1946). The within-test slope is preferred as it is independent 
of any variation in age or litter factors. 

The LD5o value for each test was then estimated by the following formula: 

a 45.0 — a 
Dea 
where d is the test mean dose, m is the test mean arcsine mortality, and 45.0 is the 
arcsine value for 50 percent. Preliminary estimates of the strain LD5o values were 
obtained by deriving the weighted mean of all the individual test LD59 values. 

To establish the effect of variation in age, parity and litter size upon mortality, 
the data for each strain were broken down into four subclasses for each of these 
three variates. Effort was made to retain rough numerical equality among subclasses 
while attempting to maximize the total range between mid-points of the subclass 
intervals. The resulting 4 X 4 X 4 tables generally had 50 ~ 55 cells represented. 
Within each cell, the weighted means for dose and for response were estimated so 
that the response could be adjusted to a constant dose by means of the dosage- 
mortality slope. For each strain, the preliminary estimate of the LD59 value was 
used as the constant dose in order to keep the mortality data in the middle of the 
percentage scale. On the assumption that the errors from the adjustment process 
were self-cancelling,.a weighted multivariate analysis was executed according to 
methods described by SNEDECOR (1946). In these data age ranged from 60 ~ 110 
days, parity from 1 ~ 10 and litter-size from 2 ~ 12. 

In strains BALB/c, A and C3H,, the most linear interrelationships were obtained 
on the arithmetic scale for all variables. A log transform of mortality was used in 
the C57BL strain. By means of the derived multiple regression equations, the test 
mean mortality values were adjusted to a constant age, parity and litter size for all 
strains. Final estimates of the test LD;» values were then obtained from these ad- 
justed mortality values. 

In each strain the variance among test LDs5o values and the standard error of the 
mean were calculated in a routine manner. 

RESULTS 

The final estimates of the strain LD50)39 values and their standard errors are pre- 
sented in table 2. Preliminary analysis had indicated that the two sublines of the A 
strain were nearly identical in response (A/Jax LDs5o: 548 + 7r; A/He LD5o: 557 + 
6r); consequently, the data were combined to provide a single estimate listed for 
strain A. 

The maximum difference in LD5 values observed among the four strains is 130r, 
a difference of about 26 percent in the LDgos of the C57BL and BALB/c strains. 
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TABLE 2 
Weigited mean test LDso/39 values, variances among tests and within-test dosage-mortality slopes after 
removal of variation in age, parity and litter size 


Strain LDs50/ 30 + SE Variance among tests bm-d + SE 
BALB/c 500.1 + 6.9r 809.79 .368 + .032 
A 552.3 + 4.4r 583 .96 .417 + .037 
C3H;/He 593.2 + 6.2r 735.31 .433 + .050 
C57BL/6 630.3 + 4.1r 267 .46 .516 + .041 


(Since this manuscript was prepared, a fifth mouse strain, C57L/He, has been sub- 
ject to test. This strain, which has a common origin with strain C57BL, has the 
highest LDs) value among the five strains; 677.8 + 8.5r. The range of genetic varia- 
tion in LDs9 values is thus increased to over 175r. The dosage-mortality slope is 
.426 + .041, which represents a recession from the high value seen in C57BL mice. 
However, these new observations do not seriously alter the conclusion that suscepti- 
bility and variability are concomitant measures of genetic differences in radiation 
sensitivity.) Inspection of the data of table 2 reveals that a close and direct relation- 
ship exists between the LD59 and dosage-mortality slope. This relationship denotes 
that strain differences are not constant, but tend to increase as lower levels of mor- 
tality are approached. Of greater significance, however, is the indication that the 
variability of response, measured in terms of dosage, must increase with susceptibility 
because a low slope defines a broad distribution of sensitivities in the population 
tested 

Figure 1 presents a frequency distribution of the predicted individual test LD5o 
values for the four strains. Since the average test employed from 34 to 44 mice, the 
precision of test estimates is comparable for all strains. 

The multiple regression equations relating mortality to changes in age, parity and 
litter size are given in table 3. While variation in mortality was significantly reduced 
by this analysis, inspection of the partial correlations indicates that the success of 
the analysis was due primarily to the correction for variation in age at exposure. 
All strains show a negative correlation between age at exposure and mortality. 

Figure 2 expresses this age-dependence of acute lethality in terms of estimated 
LDs5o values at a constant parity and litter size for all strains. The data show that 
strain differences in the LD59 vary quite extensively with variation in age at test. 

The observed curvilinear relation between arithmetic mortality and age in the 
C57BL strain is fairly consistent with the data of ABRAMs (1951) on the same strain 
involving a range from 30 to 90 days of age. His observations integrated with those 
given here strongly suggest that a rapid rate of increase of the LDs5o occurs as age 
increases from 30 to 60 days. Both sets of data indicate a progressively declining 
rate of increase beyond 60 days of age. The other three strains are similar in having 
a linear dependence of the LD5» on age. No data are available to ascertain the nature 
of the curve prior to or beyond the given age interval. It is possible that all strains 
have the same basic age dependence curve, but the comparability of response occurs 


over a different chronological age interval in each strain. 
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FiGuRE 1.—Frequency distribution of individual test LDs5o0/s0 values by class intervals of 25r 
for all strains after removal of variation in age, parity and litter size. Arrows indicate position of 
means. 


In parity and litter size there is no consistent effect from strain to strain. This 
analysis may not be the most efficient in regard to these variables since litter size 
generally shows a shallow curvilinear relation to parity. If a linear relationship is 
employed the precision of estimates involving either parity or litter size is reduced. 
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FicuRE 2.—Dependence of LDso/30 values on age at exposure for all strains at a constant parity 
and litter size of 3.5 and 6.3, respectively. 


In particular, the significance of all partial correlations is uncertain. They are pre- 
sented, however, because deviations from linearity with regard to parity and litter 
size are not excessive. In all instances, age: response relationships are linear on the 
scale indicated in table 3. 

LDs50 values and dosage-mortality slopes were also estimated for both sexes in 
each strain. Sex differences in these values were not significant. 


DISCUSSION 


The underlying assumption in the use of a linearizing transformation of toxicity 
data is that individual sensitivity is a continuously and normally distributed variable 
(MATHER 1946). The derived dosage-mortality slope describes this distribution since 
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TABLE 3 


Multiple regression equations and partial correlations of percent mortality on age, parity and litter size 


Strain means 


Strain Regression equations 7 
Age Parity | Litter size 
xX Xe X3 
BALB/c Y = 115.99 — 0.990x,; + 2.174x. + 1.825x; 85.2 3.60 5.85 
A Y = 118.45 — 0.640x; — 1.191x. — 0.878x; 87.2 3.37 5.66 
C3H;/He Y = 73.04 — 0.246x; — 0.765x. + 0.135x; 84.1 3.78 6.74 
C57BL/6 log Y = 2.473 — 0.010x; + 0.035x. — 0.009x; 85.3 3.38 7.18 


Partial correlations: 


ry.2 Ty2 ry312 
BALB/c — .486 + .244 + .213 
A — .508 —.144 —.101 
C3H;/He — .335 —.161 + .025 
C57BL/6 — .589 + .512 — .156 


the inverse slope is proportional to its standard deviation. With the probit transform, 
the inverse slope directly produces the standard deviation. The arcsine transform 
used in this study can be re-expressed in probit terms by means of a conversion 
factor that relates the two transforms to each other. As indicated by FinNEy (1952), 
a nearly linear relation exists between the probit and arcsine transformations for 
percentage values between five and 95. The linear regression coefficient of probit 
values on arcsine values is 0.048. The product of this factor and the arcsine-mortality 
slope provides a close approximation of the probit-mortality slope which is then 
used to derive the standard deviation in terms of roentgens. 

Standard deviations calculated in the above manner for the four strains are: 
BALB/c: +56.5r; A: +50.0r; C3H;: +48.1r; C57BL: +40.3r. These values are 
descriptive of the variability of expression of each genotype on the dose scale and 
can be considered as manifestations of the within-strain phenotypic variances. 

The results of the investigation lead, therefore, to one principal conclusion: the 
radiosensitivity of each strain is characterized by two parameters, a mean (or LD,o) 
and a variance (or dosage-mortality slope). Both parameters are equally significant 
as quantities that describe the fundamental properties of the strain. In these data, 
susceptibility to the acute lethal effects of X-irradiation is associated with a greater 
phenotypic variance since the slope and LD50 decrease concomitantly. 

The magnitude of the phenotypic variance, defined above, is presumed to be an 
innate characteristic of the genotype and not a function of genetic heterogeneity. 
All of the strains tested have been inbred by full-sib matings for at least 50 genera- 
tions. It is therefore reasonable to assume that any residual genetic variation existing 
in a strain would make only an insignificant contribution to the total variability of 
response to X-irradiation. 

With respect to the radiation response, it is assumed that the primary event, the 
absorption of energy, leads to identical primary injury in all strains. The initial ex- 
pression of injury, occurring one to five days after exposure, is undoubtedly very 
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similar in all strains. Studies by GRAHN (1954) on the genetic variation in body weight 
response after X-irradiation showed that for the first two days very little strain 
difference existed. After five days postirradiation strain variation in time and rate 
of recovery from the initial expression of injury became apparent. It is similarly con- 
cluded here that strain differences in the LD59 value are a function of different rates 
of recovery of physiological systems important in the manifestation of acute radia- 
tion lethality. In this regard, the hematopoietic system is of primary importance, as 
indicated by the success of spleen and marrow protection in enhancing survival 
(JAcoBson 1952). In addition, SmirH ef al. were able to show with mice that sur- 
vival rate between four and 19 days after irradiation is closely related to the granu- 
locyte count under routine experimental conditions (1954a) and also when the ani- 
mals were challenged with a Pseudomonas aeruginosa infection (1954b). During this 
period, hematopoietic recovery is most active. 

Although no data are yet available on the postirradiation blood counts for these 
strains, it is postulated that the time and rate of recovery of the hematopoietic sys- 
tem are major variables in the expression of strain differences in acute lethality. The 
mode of gene action under this postulate may be the control of the rate of produc- 
tion of blood cells during recovery. Additionally, it is possible that the more resistant 
genotype may act to create a greater physiological sensitivity to feed-back impulses 
arising from the depleting blood system. 

If susceptible mice remain at a critical physiological level for longer periods of 
time as a result of slower recovery rates, then two features of the survival time data 
should emerge in support. One, the survival time of decedents in the 30-day interval 
should be greater (SACHER 1951). Two, during the modal period of deaths from the 
hematopoietic syndrome, which has been described by Bonp ef al. (1954), mortality 
should be sustained at a higher rate to a later time in the 30-day interval. A pre- 
liminary analysis of the survival time data shows that strains BALB/c, C3H; and 
C57BL are in close adherence to expectation for both criteria. They have mean sur- 
vival times of 14.6, 13.9 and 13.3 days respectively, while the crude daily rate of 
mortality remains above two percent per day until about 21, 18 and 17 days. There 
is a secondary contribution to the mortality between 20 and 30 days, generally run- 
ning at a rate less than two percent per day. Strain A mice, which have a shorter 
survival time than all other strains, have an almost negligible incidence of death in 
this latter period. A more detailed analysis of the time rates of mortality, to be 
reported subsequently, may provide insight into the apparent inconsistency of the 
A strain. 

Increases in susceptibility that are concurrent with increases in survival time are 
also noted between species of widely different radiosensitivity (SACHER 1951). 
BRECHER and CRONKITE (1952) gave evidence that, here too, the rate of recovery 
of the hematopoietic system is of primary significance in accounting for species dif- 
ferences. Thus, there is good general adherence between and within species to the 
hypothesis that greater susceptibility to irradiation is a consequence of slower rates 


of recovery, particularly of the hematopoietic system. The general hypothesis will 
be given formal treatment by SACHER. 
A comparison of the results of this study with those from other laboratories is 
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difficult because of wide variation in experimental procedure. There is apparently 
no comparative data on the BALB/c strain, although a related strain, BALB/Gw, 
is known to be relatively radiosensitive (GRAHN 1954). LorRENz et al. (1952) gave 
LDs50 values for 3-month old mice of strains A and C3H; as 560r and 600r, respec- 
tively, after exposure to 186 kvp X-rays. The similarity with the results of the 
present study undoubtedly rests upon the comparability of age and radiation factors. 

Kaplan and Brown (1952) report an LDs5 value for 33-day old C57BL mice of 
486r after exposure to 120 kvp X-rays. This value may well be consistent with the 
present data in light of the rapid rate of change of the LDs5o with age in this strain. 

In consideration of the fact that variation in X-ray quality alone can alter the 
LDs50 for mice by as much as 30 percent (GRAHN ef al. 1956), it cannot be overempha- 
sized that for useful interlaboratory comparison radiation quality, in addition to 
strain, age and sex, must be clearly defined. When knowledge of the dosage-mortality 
slope is available, this should be given because of its significance in defining the basic 
variability of response. 


SUMMARY 


1. Following single whole-body exposure’ to X-irradiation, the LD50,30 value for 
four inbred sirains of mice is shown to vary from 500r for the most susceptible strain 
to 630r for the most resistant strain. 

2. The existence, between strains, of a positive relationship between the dosage- 
mortality slope and the LDs59 value indicates that the basic within-strain phenotypic 
variance is positively correlated with susceptibility. 

3. Age is a major variable which affects response with resistance increasing pro- 
gressively between 60 and 110 days of age. Parity and litter size are inconsistent and 
minor in effect. 

4. No significant sex differences were indicated either in the LD5o values or in the 
dosage-mortality slopes. 

5. It is postulated that the time and rate of recovery of the hematopoietic system 
are the major physiological variables in the expression of genetic differences in the 
acute radiation response. Certain indirect evidence is presented to support this 
postulate. 
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ITHIN the genus Secale L. hybrids between various perennial forms have all 
shown regular meiotic chromosome behavior as have hybrids between different 
annual strains belonging to S. cereale L. In all hybrids between S. cereale and peren- 
nial forms, however, a translocation figure has been observed at metaphase I in the 
PMC’s. The maximum association is apparently a ring-of-six, but this is seldom 
observed, which probably accounts for the earlier reports (SCHIEMANN and 
NURNBERG-KRUGER 1952; Price 1955) of a chain-of-six as the maximum association. 
Observations on recurring diakinesis configurations in the hybrid S. cereale L. X 
S. montanum Guss. have permitted identification of each of the chromosomes within 
the translocation figure together with the determination of the relative size and 
position of the translocated segments. New homologies evident in the F2 segregants 
from this hybrid have made possible additional interpretations of the structural 
relationships of the two species. 


MATERIALS AND METHODS 


Most of the hybrids studied were made during the summers of 1952 and 1953. 
Since most strains of Secale are self incompatible, it was possible to make the hybrids 
by bagging together the heads of the two parents or by transferring flowering culms 
from the male parent to the female parent. Since S. africanum is self-compatible, the 
flowers were emasculated when this species was used as the female parent. 

The F; population was derived from intercrosses between several different sister 
F, hybrids. For this study all female parents were emasculated before hybridization. 
Of 550 F: seeds sown, 303 seedlings survived until the time for transplantation. As 
nearly as possible, they were all given the same horticultural treatment before and 
after transfer to the garden. 

Fixations of the entire spike, less the glumes and awns, were made in 1:3 aceto- 
alcohol. After about 24 hours, they were washed two or three times in 70 percent 
alcohol and stored under refrigeration. 

Most observations were made from temporary aceto-carmine smears. Some perma- 
nent slides were prepared by McCLinrock’s method (1929) but most of them were 
prepared by a modification of the alcohol-vapor-chamber method described by 
BRADLEY (1948). 

The analyses of multiple chromosome associations were found to be most satis- 
factory in cells at diakinesis. At earlier stages the chromosomes are too long and 
interwoven to allow accurate analysis; at a later stage the contraction is so extreme 
that associations are often hidden. The interpretations presented in this paper are 
based only on recurrent associations and in the cases of the F; hybrids, only on 
associations observed in several different plants. 
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RESULTS 

Cytology of the species hybrids: Collections from various sources were utilized in 
making hybrids between representatives of the major taxonomic groups. All hybrids 
between perennial forms (members of the series Kuprijanovia Roshev., according to 
RosHEvitz 1948), are highly fertile aad show good chromosome pairing at meiosis. 
This is true also for hybrids between the annual representatives of the series Cerealia 
Roshev. (RosHEvitz 1948). Hybrids between the perennial and annual species, how- 
ever, are partly sterile and show a six-chromosome translocation configuration at 
meiosis. 

Since the Mediterranean perennial forms S. anatolicum Boiss., S. dalmaticum Vis., 
S. Kuprijanovia Grossh., and S. montanum Guss., of RosHEevitz (1948), are so 
similar cytologically, genetically and morphologically, they are considered to be 
ecotypes of one genetic species and are referred to in this paper as S. montanum. 

Cytology of the F, hybrid S. cereale L. X S. montanum Guss.: The maximum asso- 
ciation observed at diakinesis and metaphase in the F; hybrid consists of four ring- 
bivalents plus a translocation configuration made up of six chromosomes. Of the 
our bivalents, three are essentially homomorphic, including the one associated with 
the nucleolus. The fourth pair, however, shows peculiar stretching in the median 
region (figs. 3, 6, 12) resulting in a configuration which superficially resembles two 
isochromosomes. Some of the configurations examined suggest that one of the parental 
types is deficient for median chromosomal material present in its homologue and 
that during synapsis it has undergone extreme stretching in this region in response 
to the forces of homologous pairing in the distal portions. 

The translocation configuration: The maximum association during meiosis of the 
hybrid has previously been reported to consist of a chain of six chromosomes plus 
four ring-bivalents (SCHTEMANN 1952; Price 1955). However, in the current investi- 
gation, a few cells have been observed in which a complete ring-of-six is formed 
(fig. 1; table 1). 

From a detailed analysis of the chromosome associations in the F; and from the 
analysis of aberrant F. segregants, which will be presented below, it has been possible 


TABLE 1 
Frequencies of multiple configurations in the hybrid c X m as found in 100 cells of two different plants 
at M1 
Maximum association Plant no. 516-3 Plant no. 516-10 


Ring-of-six 1 0 
Chain-of-six 25 26 
Chain-of-five 17 18 
Chain-of-four 25 16 
Two chains-of-three 8 6 
Chain-of-three 13 18 
Bivalent 11 16 


Total 100 100 
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to establish that the pachytene translocation configuration in the F, may be dia- 
grammed as follows: 
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And that the parental chromosomes belonging to the translocation group are there- 
fore: 
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The arms which are usually free at diakinesis are numbered as 6-7. A satellite 
unique to the 5-C-6 cereale chromosome is shown as # 





A duplication segment 
found within the monfanum genome is shown at the 5 and 7 arms of the montanum 
chromosome as 

The origin of the satellite: Most cytological descriptions of S. cereale (HASEGAWA 
1934; Lima-DE-FARIA 1952) have reported only one satellited chromosome which is 
regularly associated with the nucleolus. However, LEVAN (1942) has shown that in 
addition to the chromosome associated with the nucleolus (.S'), another chromosome 
(S*) regularly has a smaller ovoid satellited knob. It is possible that this S* chromo- 
some is the same as the satellited chromosome in the translocation figure. However 
as can be seen in figures 3, 6-10, the satellite appears to be as wide as the rest of the 
chromosome, whereas LEVAN reported that the knob of the S* chromosome is con- 
siderably smaller in diameter than the rest of the chromosome. Since his examina- 
tions were made subsequent to cold treatments which accentuated the secondary 
constriction, his observations are not strictly comparable to these diakinesis illustra- 
tions in which no pretreatment was applied. Lima-pe Farra (1952) reports terminal 
knob formations for each of the pachytene chromosomes of S. cereale, but there is no 
indication which one (or ones) of these might appear satellited at diakinesis. If his 
chromosome VI is the same as the knobbed chromosome belonging to the transloca- 
tion configuration, the terminal structural rearrangement which he observed at 
pachytene may in some way be related to the appearance of the knob at diakinesis. 
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Diakinesis in the F; hybrid ¢ X m. X 1100. Further descriptions are given within 
Shows a chiasma in the interstitial region of the two central chromosomes of 
Chiasmata on both sides of the centromeres of all chro 
Knob of cereale C chromosome at 4 


Ficures 1-9. 
the text. FiGuRE 1. 
the chain-of-six (12 o’clock). Ficure 2. 
mosomes belonging to the translocation complex. F1iGuRE 3. 
o’clock. Peculiar bivalent at 6 o’clock which appears to be medianally heteromorphic. Ficure 4. 
Complete (or nearly complete) terminalization of chiasmata in the four segments of chromosomes 
B-C’ and in the interstitial region of the C-C’ chromosomes. FiGuRE 5.—Chiasmata on both sides of 
the centromere in chromosomes C-C’. FiGURE 6.—Ring-of-five. Knobbed C chromosome at 12 
o'clock. Figure 7.—Ring-of-five at 8 o’clock, knobbed C chromosome at 12 o’clock. Figure 8. 
Knob of cereale C-chromosome at 5 o’clock. A tendency for a closed ring-of-six is evident. FiGuRE 9. 
The knob of the C chromosome is distinct following terminalization of chiasmata in the 5-segments 


of the C-C’ chromosomes. 
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16 17 18 


Figures 10-18.—The C chromosome of cereale with its knob at 12 o’clock. Chiasmata on both 
sides of the centromeres of the A-A’ chromosomes. FiGuRE 11.—Ring-of-six. FiGuRE 12.—Seven 
bivalents. 

FicurE 13.—Diakinesis is S. cereale. X 1100. The satellited knobs on a pair of chromosomes 
other than the chromosomes associated with the nucleolus is shown at 3 o’clock. 

Figure 14.—Diakinesis in the Fs segregant which forms a ring-of-four in the PMC’s: ring-of-four 
at 12 o’clock. X 1100. 

FicureE 15.—An F» segregant which shows a ring-of-eight plus 3 bivalents at meiosis. X 1100. 

Figures 16-18.—Representative configurations found in one of those plants which showed a 
high frequency of chains-of-four at meiosis but which occasionally showed chains-of-six. X 1100. 
FicurE 16.—Seven bivalents. Figure 17.—Chain-of-four plus five bivalents. FiGuRE 18.—Chain-of- 
six plus four bivalents. 
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Since S. cereale var. Merced, one of the parents used in this study, regularly shows 
at diakinesis a pair of satellited chromosomes in addition to those associated with 
the nucleolus (fig. 13) and since the other parent, S. montanum, shows no comparable 
satellited chromosome, the knobbed chromosome of the F; translocation figure must 
be derived from the S. cereale parent. 

Since the knobbed cereale chromosome belonging to the translocation figure is 
usually detectable as one of the end chromosomes in the chain-of-six, it follows that 
the ring-of-six usually breaks down to a chain-of-six as the result of the lack of asso- 
ciation of two particular chromosomes rather than from a general low chiasma fre- 
quency which could have resulted in a breakdown of the ring in any one of the six 
pairs of homologous arms at random. 

Position of the centromeres: The six chromosome translocation figure frequently 
breaks down into smaller associations even in the absence of increased univalent for- 
mation. Since this is not accompanied by a corresponding decrease in the frequency 
of ring-bivalents, it suggests that there is less homology between the translocated 
arms than between normal nontranslocated arms. Furthermore, some cells have been 
observed in which seven ring-bivalents were present (fig. 12). Therefore, the low 
frequency of pairing in translocated arms may be attributed to the fact that the 
homologous segments include considerably less than whole chromosome arms. 

Evidence for this is also furnished in figures 1, 2, and 5, which illustrate chiasmata 
on both sides of the centromere in diakinesis. Repulsion of homologues during diaki- 
nesis accentuates the position of chiasmata in the end pairs, but it is sometimes 
difficult to be certain whether the central pair has true chiasmata or if the arms are 
merely overlapping. Only in cells such as that depicted in figure 1, where the chromo- 
somes are stretched, is it possible to establish definitely the presence of a chiasma. 

Since the translocated arms of the chromosomes in the chain-of-six are associated 
with arms of different chromosomes, any chiasma within the interstitial regions of 
the central pair is unable to terminalize. The results of such a chiasma should be a 
loop in the middle of the chain-of-six at metaphase as the centromeres repel each 
other. Such a loop was often observed but, since many configurations were not 
definitive, it was not possible to obtain an accurate count of the frequency of central 
loops in the chain, which would have been useful in estimating the length of the 
interstitial segment. In general, however, they were rather scarce, suggesting that 
the distance between the centromere and the point of translocation in these chromo- 
somes is short. 

Since closed ring-bivalents are common at the end of the chain which is terminated 
by the 1-A’-7 montanum chromosome, the segments distal to the point of transloca- 
tion in the A-A’ chromosomes must be short. Very few closed ring-bivalents were 
seen at the other end of the chain which indicates short interstitial segments in the 
C-C’ chromosomes. This, together with the high frequency of chiasmata observed 
in the ‘‘4”’ arms, indicates that the distal segments in these chromosomes, as well as 
the distal segments of the B-B’ chromosomes, are long. Therefore, since the segments 
distal to the point of translocation are short in the 1-A-2 chromosome and long in 
the 3-B’-2 chromosome, a differential region must exist in the latter segment to ac- 
comodate that portion which does not associate with the shorter homologous segment 








SECALE HYBRIDS AND PROGENY 205 


of the 1-A-2 chromosome. A corresponding differential region is present within the 
long distal segment of the 5-C-6 chromosome. 

The presence of chiasmata on both sides of the B-B’ centromere precludes the 
possibility of a centromere within the differential region as inferred to be present 
by Rivey (1955) in a comparable hybrid. 

Evidence for duplication: Very infrequently, diakinesis cells are found in which a 
ring-of-five translocation figure is formed (figs. 6 and 7). These particular cells clearly 
show that the univalent left out of the translocation figure is the knobbed cereale 
chromosome described above. 

Since the ring-of-five can form only as a result of crossing over between two 
chromosomes derived from the same parent, it follows that S. montanum must con- 
tain a duplication and that the duplicated segments are on those chromosomes which 
associate with the two arms of the knobbed chromosome of S. cereale when the ring- 
of-six is formed. Since the breakdown of the ring-of-six to the chain-of-six usually 
occurs at the nonknobbed end of the S. cereale chromosome and at the 7 arm of the 
A’ montanum chromosome which is terminated by the duplication segment, it sug- 
gests that the duplication segment may be responsible for some of the non-homology 
which prevents regular association between these arms. 

In cells in which the knobbed chromosome of S. cereale can be identified, chiasmata 
are usually formed in the paired segments proximal to the knob. Since the knob 
often projects beyond the terminalized chiasmata (figs. 8, 9), it must either represent 
chromatin material unique in S. cereale or else a translocated segment from another 
chromosome pair. 

Other evidence for the duplication segments is described below in the analysis of 
certain F) segregants. 


Cytology of the F. progeny 


If, as suggested by McCririntock (1930), THompson and HutcHeson (1942) and 
others, only products of alternate disjunction produce viable gametes, F: segregants 
from a translocation heterozygote should fall into two groups: those having translo- 
cation configurations, and those in which only bivalents would form at meiosis. How- 
ever, as shown in table 2, new homologies are evident in some of the F2 segregants 
which indicate that under certain circumstances some products of adjacent distribu- 
tion are viable. 

Of the 226 F, plants which were examined cytologically, approximately 50 percent 
showed only bivalents at meiosis. These are presumably parental types with regard 
to the three pairs of chromosomes which are associated in the translocation configu- 
ration of the F;. Of the 66 progeny which did not flower the first season, only 22 
survived the winter, and were examined the following summer. Of these, ten or 
nearly 50 percent of them, showed seven bivalents at meiosis. There is no reason to 
suppose, therefore, that of those which did not survive, there was a preponderance 
of plants which would have formed seven bivalents nor a preponderance of plants 
which would have formed multiple associations. 

Since those plants which showed configurations other than bivalents or chains-of- 
six must possess chromosomal homologies different from those present in the Fi, they 
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TABLE 2 


Frequencies of F2 plants (S. cereale X S. montanum) with different maximum associations at diakinesis 


Maximum configuration Frequency Percent 

Disomics 
Ring-of-eight 1 0.44 
Ring-of-six 6 2.65 
Chain-of-six 78 34.41 
Ring-of-four 1 0.44 
Chain-of-four 3 1.33 
Bivalents 121 53.54 

Trisomics 
Chain-of-seven 1 4.87 
Chain-of-three 5 2.21 
Totals 226 99 .99 


are discussed in more detail below. Eight of the plants which showed maximum asso- 
ciations of chains of six are also discussed separately, since they form the chain-of-six 
at a very low frequency despite high chiasma frequencies. 

Ring-of-four: One plant of the F, generation was found to have its meiotic chromo- 
somes associated as five ring bivalents plus a ring-of-four derived from the 6-complex 
of the F,. 

The ring-of-four appears in more than 60 percent of the M, cells in this plant, 
which indicates a large amount of homology in the translocated arms and therefore 
the presence of long segments distal to the points of translocation breakage. This is 
also evident at diakinesis in cells which show chiasmata in these segments (fig. 14). 
Aside from the unlikely possibility that a new reciprocal translocation has occurred 
within the Fi, the only way in which such new homology could have been produced 
appears to be by means of a crossover within the differential region of the F; hybrid. 
Subsequent fertilization of a gamete containing such a crossover chromosome with 
a parental gamete containing a chromosome having the corresponding terminal seg- 
ment would yield a plant which could form a closed ring-of-four at meiosis. This 
may be diagrammed as follows: 


Crossing over in F; 
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Viable gametes 
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Since in the heterozygote of S. cereale with the type A gamete and in the heterozy- 
gote of S. montanum with the type B gamete, the 6-7 arms are the same as those 
which rarely associate at meiosis in the F, c X m, they will not associate here and the 
maximum association will therefore be a chain-of-four. A ring-of-four will result 
either with S. cereale X type B gamete or S. monlanum X type A gamete. 

The backcross progeny from this ring-of-four segregant X .S. cereale consists of 
plants which show a ring-of-four plus five bivalents and of plants which show seven 
bivalents at meiosis. The gamete which functioned in producing the F»2 segregant 
with a ring-of-four must therefore have been type B above. 

Infrequent chain-of-six: Twelve plants of the F, generation showed a translocation 
figure consisting of a chain of four chromosomes in many cells at metaphase I to- 
gether with a large number of cells which showed seven bivalents and a very few 
cells in which there was a translocation figure consisting of a chain of six chromo- 
somes. In some cells the seven bivalents all appeared as closed ring bivalents. Repre- 
sentative configurations are shown in figures 16 to 18. 

Since there is no accompanying increase in frequency of univalents or open bi- 
valents, the very low incidence of this chain-of-six indicates that it does not result 
from the same homologies that formed the chain-of-six configuration in the F; hybrid. 
This is also indicated by the high incidence of cells in which seven ring bivalents form. 

As shown above, crossing over within the differential region of the translocation 
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figure of the F; could give rise to gametes which, when fertilized by a particular 
parental gamete, could produce a zygote with a chain-of-four configuration at meiosis. 
However, this would not concurrently furnish the new homologies necessary to pro- 
vide for the few associations of six which occur in these plants. Such new chromosome 
patterns apparently could have arisen only as the result of new translocations or of 
aberrant disjunction. 

The occurrence of 12 different plants, each of which shows this same meiotic be- 
havior, rules out the possibility that new translocations were responsible for their 
altered chromosome homologies. Even if new reciprocal translocations appeared at 
a very high rate, they would be expected to occur more or less at random. 

The only obvious alternative explanation for their origin appears to be, therefore, 
that some aberrant disjunction has incorporated new chromosome types within viable 
gametes. However, aberrant disjunctions resulting in gametes with seven chromo- 
somes must necessarily entail deficiencies and duplications. That large duplications 
can be tolerated is indicated by the high frequency of trisomics found in the F» 
population (Table 2), but transmission of large deficiencies is expected to be rare or 
impossible. However, because of the presence of a duplicated segment on two dif- 
ferent and otherwise non-homologous chromosomes of the montanum genome, 
gametes resulting from adjacent disjunction in which these two chromosomes segre- 
gated to opposite poles would not suffer a deficiency for this segment. As shown above, 
one of these “duplication” chromosomes is situated at one end of the chain-of-six in 
the F; translocation figure, the other one is in the penultimate position at the other 
end of the chain. 

A gamete could therefore result from adjacent disjunction which would be deficient 
only for the segment which lies between the terminal duplication segment and the 
point of translocation of the A’ montanum chromosome. Since the entire distal seg- 
ment, including the duplication segment, is short, the deficient region would be rela- 
tively small. Such a deficient gamete would contain the following chromosomes: 
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Upon fertilization with a parental cereale gamete, a plant would be produced in 
which a chain-of-four would be present, at MI. This might be diagrammed as follows: 
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The “2” and ‘6” segments are homologous only in the region which was inter- 
stitial in the F; configuration. Since this region is bounded on both sides by non- 
homologous segments, very little association would be expected within it even though 
this region were fairly long. Consequently, this configuration would usually appear 
as a chain-of-four at MI. 

Since three “2” arms would be present, association of any two of these at a time 
might be expected. If the ‘‘2”’ arm of one of the chromosomes in the bivalent associ- 
ated with the ‘‘2” arm of the translocation figure, a chain-of-six would be formed. 
Since such a configuration could result only when zygotene pairing was initiated 
between the ‘‘2” segments of chromosomes “A” and ‘‘B’”’, it should not form very 
often. 

The expected MI configurations from the above model would consist therefore of 
a preponderance of chains-of-four, occasional chains-of-six and quite a few cells 
having maximum associations of trivalents or bivalents. The discovery of 12 different 
plants whose meiotic configurations fit those expected from this model suggests that 
the model is correct. 

If the viable gamete resulting from the adjacent disjunction described above were 
fertilized by a parental monfanum gamete, the meiotic chromosomes would usually 
be associated as bivalents, one of which would regularly be a rod bivalent. Occasional 
trivalents and chains-of-four would form due to the presence of three terminal ‘‘2” 
segments. 

A number of plants have been observed in which rod bivalents are common, but 
in most instances it is not possible to determine whether or not they result from a 
low chiasma frequency or as the result of reduced homology as described above. The 
rare association of chains of four in plants which normally form seven ring bivalents 
has been established for only three plants. However, others may present the same 
configurations but too infrequently to have been recognized as potential chain-of-four 
types. 

Ring-of-six: Six plants of the F; population showed a high frequency of ring-of-six 
translocation-configurations at diakinesis (fig. 19). In four of these plants a few cells 
showed a closed ring of five with a sixth chromosome associated with the ring-of-five 
at approximately the position at which two adjacent chromosomes were joined by a 
terminalized chiasma (figs. 20, 21, 22). 

The regular presence of a ring-of-six in diakinesis of plants which are segregants 
from an F; hybrid in which rings-of-six are seldom found, implies that more homology 
must be present in the segregants than was present in the F; hybrid. It further sug- 
gests that this increased homology is located in the terminal segments which are 
usually unassociated in the F;. Since six different plants all show this same behavior, 
the mechanism by which such new homologies were obtained must have been a simple 
one and must have occurred fairly commonly in the F;. This would rule out the 
possibility of new translocations or other irregular chromosomal behavior and would 
suggest crossing over as the most likely explanation for the production of the new 
homologies. 

As mentioned above, rings-of-six are rarely observed in the F; hybrid. However, 
since they do occur, it implies that crossing over may take place between the segments 











210 HOWARD C. STUTZ 


which are usually unassociated. If these segments are heteromorphic, crossing over 
between them could produce segregants in which these segments were identical. This 
would furnish additional homology which would permit greater association than was 
present in the F;. 

Since one of the ends, which is usually free in the F; hybrid, is terminated by the 
“duplication” segment of a montanum chromosome, two different homozygous F, 
segregants could result from crossing over between the homologous portions of these 
ends. One of these would be homozygous for the duplication segment of the montanum 
chromosome, the other for the nonduplication segment of the cereale chromosome. 
Fertilization by the appropriate parental type gamete could produce plants which 


would show rings of six at meiosis as follows: 
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Since the “7” arms are probably long and completely homologous, as are the ‘‘6”’ 


arms, these configurations should usually appear as closed rings-of-six at diakinesis. 
Since in plants in which the ring-of-six is formed following fertilization with a 
montanum gamete, the montanum duplication segment is present in triplicate, a few 


mn) 


5” arm carrying the duplication 


“ 


cells could show association between the end of the 


and the end of one of the “7” arms. If a chiasma should form between the “5” end 


““ 


of the C’ chromosome and the “7” arm of the A’ chromosome, a ring-of-five could 
be formed similar to that observed in the F;. However, if concurrent with the forma- 


tion of the chiasmata which form the closed ring-of-five, a chiasma should form be- 
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’ 


tween a portion of the two ‘‘7” arms, the closed ring-of-five would have an attached 


sixth chromosome. Diagrammatically, this would appear as follows at pachytene: 
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As noted above, diakinesis configurations showing such associations have been 
found in four of the six plants which form the ring-of-six (figs. 20, 21, 22). 

Up to this point considerable evidence has been presented which supports the sug- 
gestion that a duplication is present in the monlanum genome. The presence of the 
ring-of-five at diakinesis in the F; hybrid; the evidence that products of adjacent dis- 
tribution could explain the high frequency of plants in which metaphase cells show 
predominantly chains-of-four and very infrequently chains-of-six; and the presence 
of segregants showing a ring-of-five having an attached sixth chromosome, are all 
explicable only on the basis of the presence of a duplication. Further evidence is 
furnished by one of the F2 segregants which forms a ring-of-six at diakinesis. This 
particular plant was observed to have some cells in which a ring chromosome and a 
rod chromosome were laggards at telophase II (figs. 23, 24). The most likely origin 
of these chromosomes is as equational-division products of a partial isochromosome 
in which chiasmata formed between the two homologous ends of the same chromo- 
some during prophase I. This can be diagrammed as follows: 





Partial isochromosome: ----- 
Autosynapsis of partial isochromosome: { pacanee 
Crossing-over within the homologous regions: Cc 


If this passed as a unit to one of the telophase I cells the equational separation 





at anaphase IT could yield a rod chromosome and a ring chromosome similar to those 
observed. 

If, as suggested by SEARS (personal communication) from his observations on iso- 
chromosomes in wheat, chiasmata in the paired arms of a univalent are resolved 
prior to anaphase I, the telophase II ring would indicate reverse homology in the 
two arms of the partial isochromosome. 

In either case, the origin of a partial isochromosome from the F; translocation 
figure can be explained on the basis of crossing over between the homologous portion 
of the “6” and “7” segments concurrently with a crossover between the “5” arms. 
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Ficures 19-24.—Representative configurations found in those plants which formed rings-of-six 
at a high frequency in their PMC’s. X 1100. FicurE 19.—Ring-of-six. Figures 20, 21, 22.—Show 
a ring-of-five with a “tail”. Figures 23 and 24.—Show a rod and a “ring”? chromosome at telophase 
II. 

Figures 25-27.—Representative configurations found within a single trisomic plant. X 1100. 


These two crossovers would yield a ‘‘C” chromosome having the “duplication” 
montanum segment on both ends which could, upon autosynapsis, yield rod and ring 
chromosomes at telophase II such as observed in the F, segregant described above. 

Ring-of-eight: In the PMC’s of one F2 plant, ring-of-eight configurations were 
observed at diakinesis (fig. 15). This may have resulted from new structural rear- 


rangements produced by a new translocation in the F; hybrid involving one of the 
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chromosomes of the translocation group and a chromosome of one of the bivalents. 
However, it can also be explained on the basis of crossing over between the distal 
segment of one of the chromosomes of the translocation figure and a homologous 
interstitial segment of one of the chromosomes of a bivalent. The rare chain-of-eight 
observed by RiLey (1955) in meiosis of a comparable hybrid supports such a sug- 
gestion. 

As noted above, the knobbed cereale chromosome in the translocation figure of the 
F, often shows affinity for one of the other bivalents, although no definite chiasmata 
have been observed. If actual homology exists between the knob and this other 
bivalent, it would suggest that in relation to the montanum genome, the knob repre- 
sents a translocation from another chromosome of the cereale complement. The 
bivalent would thus be heteromorphic for the region involved in the translocation. 

If this assumption were correct, and it should be emphasized that it is an assump- 
tion only, no good cytological proof having been found, then occasional pairing and 
crossing over between the knob of the cereale chromosome and the homologous inter- 
stitial region of the montanum chromosome could result in altered chromosome struc- 
ture which could give rise to a plant which would form a ring-of-eight in meiosis. 

Trisomics: Sixteen trisomics were found in the F2 population, 11 of which showed 
a translocation configuration at meiosis (figs. 25, 26, 27). In each of these, the extra 
chromosome was associated with the translocation group, indicating that the extra 
chromosome is usually derived by nondisjunction of chromosomes within the trans- 
location configuration. 

Since two of the terminal segments in the translocation configuration of the F, 
usually fail to form chiasmata, the configuration in a segregant will not be the same 
for each chromosome in the group. If, for instance, a trisomic segregant is heterozy- 
gous for the translocation configuration, and in addition has an extra chromosome 
“C”’, the two “C” chromosomes will usually pair forming a bivalent, leaving a con- 
figuration consisting of five chromosomes. If the extra chromosome, however, is the 
””? chromosome of the translo- 
cation figure and a chain-of-four plus a univalent will result. Similarly, the presence 
of an extra “B”’ or ‘ 


montanum ‘‘C’”? chromosome, a bivalent with the ‘‘C 


B’” chromosome will result in a chain-of-three plus six bivalents. 
An extra “‘A’”’ chromosome will result in a chain-of-five plus four bivalents. 


a“ 


Since the failure of association of the ‘‘A’”’ and ‘‘C” chromosomes in the translo- 
cation figure of the F, is not absolute and since the extra chromosomes may associate 
other than as bivalents, higher associations than those described will occasionally 
result in each case. However, the relative frequencies of the various configurations 
should furnish some indication as to which chromosome of the translocation figure 
corresponds to the extra chromosome. 

As shown in table 3, eight of the 11 plants which have an extra chromosome in 
addition to the translocation configuration show a high frequency of chains-of-five. 
On the basis of the above predictions this would correspond to the expected behavior 
of those plants which had an extra ‘“‘A’” or “C” chromosome. The two plants which 
usually show chains-of-four at diakinesis would correspond to those expected in which 
either an extra “C’” or an extra 


“ 


A” chromosome is present. The single plant in 
which the usual metaphase configuration exhibits a chain-of-three would correspond 











214 HOWARD C. STUTZ 


TABLE 3 


Configuralions observed in trisomic segregants at MI 


Multiple associations Bivalents Univalents No. of plants 


Chain-of-five* 5 8 
Chain-of-fourt 5 1 2 
Chain-of-threeft 6 1 
§ 7 1 5 

Total plants 16 


* Occasional chain-of-seven plus four bivalents. 

+ Occasional chain-of-five plus five bivalents. 

t Occasional chain-of-four plus five bivalents plus one univalent. 
§ Occasional chain-of-three plus six bivalents. 


to translocation heterozygotes having an extra “B” or ‘“‘B’” chromosome. These 
instances are too few to permit the use of their frequencies as an index to the fre- 
quencies with which each of the various chromosomes of the translocation figure 
might be included as an extra chromosome in a trisomic segregant. However, the 
preponderance of those types of trisomics expected from the presence of an extra 

C” or “‘A’” chromosome suggests that these two chromosomes, which are situated 
at the end of the metaphase-I chain in the F, hybrid, are more likely to be included 
as an extra chromosome, in a nondisjunctional gamete, than are any of the other 
chromosomes belonging to the translocation figure. 


Morphological characters scored for the F2 segregants 

Several morphological characters were scored for the various F2 segregants to de- 
termine if any of these might be solely or predominantly associated with the trans- 
location figure. The characters measured were: (1) annuality vs. perenniality, (2) 
earliness as measured by the number of days before anthesis, (3) growth habit with 
reference to the erectness of the culms, (4) culm maturity in terms of simultaneous 
vs. continuous maturation, (5) leaf rigidity in terms of the laxness of the blade, and 
(6) position of the leaves on the culms with regard to whether they are cauline or 
basal. 

Of these, the annuality vs. perenniality appears to be the only one which segregated 
as a monofactorial character. Sixty-six of the 303 F. segregants were considered 
perennial since they did not produce flowering culms during the first season. This 
many perennials does not differ significantly from that expected on the basis of a 
3:1 segregation (x? = 1.67). Unfortunately, 44 of these 66 perennials did not survive 
the winter so were unavailable for cytological examination. From a study of meiosis 
in the remaining 22 it was found that nine showed a translocation configuration 
similar to that of the Fj, ten showed seven bivalents, one was a trisomic and one 


showed a chain-of-four translocation configuration. Since there is no reason to expect 
that those perennials which did not survive would have been very different cyto- 
logically from those examined, it appears that the factor or factors responsible for 
perenniality segregate independent of the translocation group. 
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TABLE 4 


Veans and variances of F2 plants which show only bivalents at meiosis and of plants which show an 
F\-type translocation figure 


Plants with 711 Plants with Fi-type Significance of 
(n = 120 configuration (n = 70) difference of means 

x s Xx s t ¥ 
Culm maturity 1.48 2.18 2.51 2.20 4.62 <0.01 
Position of leaves 0.86 0.95 0.91 0.98 0.34 >0.70 
Growth habit 3.73 2.58 4.33 3.01 2.36 <0.02 
Rigidity of leaves 0.56 0.53 0.80 0.66 2.03 <0.05 
Earliness 3.11 J.d4 3.33 2.37 0.96 >0.40 
Hybrid index 9.73 22.50 11.79 28.11 2.68 <0.01 


The “P” values were obtained from FIsHEr’s “‘t-table’”’ (1950). 


Using ANDERSON’s (1949) methods, the other characters were scored from zero 
(cereale type) to various higher numbers representing the montanum type. A hybrid 
index for the combined scores was prepared for each plant. The distributions of the 
various characters with respect to the cytological behavior are shown in table 4. 

As shown in table 4 there is no significant difference between the variance of F» 
segregants with seven bivalents and F2 segregants having the multiple association. 
This precludes the detection of any association of these characters with the chromo- 
somes of the translocation figure. However, since the means are significantly different 
for these two cytologically different groups, for three of the characters which were 
measured as well as for the hybrid index, it suggests that they are distinct populations. 

In each case where the means are different, the plants which have the translocation 
figure, and are therefore heterozygous for the three component chromosomes, have a 
larger mean than the plants which are homozygous for these three chromosomes. 
However, since the mean of the F; hybrid is in all cases intermediate between the 
two parents, the larger mean of heterozygous F2 segregants cannot be interpreted as 
an heterotic effect nor as the result of dominance. 

Since both ‘culm maturity” and “growth habit” are not entirely independent of 
perenniality, it may be assumed that the 44 plants which did not flower the first 
season and which did not survive the dormant season would have all been scored 
primarily as montanum-like for these characters if they had reached maturity. If 
these perennials consisted of equal numbers of plants having the translocation figure 
and of plants having only bivalents, the omission of these perennials might have a 
greater influence on the mean of the heterozygote population than on the mean of the 
homozygote population, because the aggregate population of the former is smaller 
than that of the latter (due to the extraction of all multiple associations other than 
that shown by the F; hybrid). If this were true, the larger mean of the plants with 
the translocation figure would be due to the effect of those perennials which were 
included in the analysis. When the means were calculated for sub-populations in 
which those plants which did not flower the first season were excluded, this is sug- 
gested for “growth habit” but not for ‘culm maturity”. 
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DISCUSSION 


Variation in chromosome number and chromosome patterns in populations of rye 
have been reported by Gorton (1924, 1932), Emme (1927), LEwitsky (1929, 1931), 
MUntzinG and PRAKKEN (1941) and others. Although some of these populations 
were reportedly free from recent contact with perennial species, the possibility that 
products of previous hybridizations have been retained cannot be excluded. Since 
rye is very prolific and since trisomics, duplications and some deficiencies are readily 
transmitted, as shown above, the cytological effects of a single hybridization with a 
perennial species could conceivably be perpetuated for many generations in a rye 
field. Poporr (1939) suggested this to be the source of the aberrations which he found 
in 14 varieties of cultivated rye and further suggested that such hybridization may 
have given some of the variation which was responsible for the production of new 
types. 

Hasecawa (1934), Méntrzinc (1946, 1950), Lima-pe-Farra (1952), and others 
have shown that many populations have a specific type of extra chromosome different 
from any of the other chromosomes. Certain features of the behavior of these stand- 
ard-fragments suggest that they may also have resulted from interspecific hybridi- 
zation. As shown above, in the hybrid between S. cereale and S. montanum, crossing 
over may sometimes occur between a terminal segment of a cereale chromosome and 
an interstitial homologous region of a monlanum chromosome. Such an exchange 
could produce a chromosome with a subterminal centromere which would correspond 
to the dimensions of the standard fragment. Since MUNntz1NG (1950) reported a high 
incidence of plants having the standard fragment chromosome from populations 
obtained from Turkey, the same geographic area in which cereal rye and S. montanum 
are sympatric, and since the populations with the highest frequencies were those 
which were weedy types in wheat fields, and which may therefore represent intro- 
gressant populations, it suggests that the standard fragment may result from crossing 
over in interspecific hybrids. 

The ease with which the hybrids between S. cereale and S. montanum can be ob- 
tained suggests that such interspecific hybridization may be of common occurrence 
wherever these two species are sympatric. Successive backcrosses onto the cereale 
types could and probably do furnish much of the extensive variation found in rye 
populations. The comparatively uniform populations of perennial Secale, however, 
suggest that products of introgression from cereale into montanum are less successful 
than the parental forms. However, a few ecotypes which have been described as 
cereal-like perennials may represent instances where the progenies of such back- 
crosses have been perpetuated by man. S. daralgesi Thum. which was found by 
THUMANIAN in the mountains of Armenia may have originated in this way. It is a 
perennial form with large grains and a stiff rachis. THUMANIAN (1938) considers it 
to be a relic of an old cultivated form, whereas RosHeEvitz (1948) regards it as the 
product of prolonged selection from S. kuprijanovia. DERZAVIN (1935) reports that 
some forms of S. kuprijanovia have been selected for local cultivation in other areas. 
The increased earliness, larger grain and erect growth of these cultivated perennials 


suggest the presence of S. cereale in their ancestry. However, selection for introgres- 
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sants into montanum is probably rare, and because of the sterility which would ac- 
company such introgression, natural selection would tend to strengthen any incipient 
barriers. 

Therefore, since the variability resulting from introgression of montanum into 
cereale has a selective value and since the variability resulting from introgression of 
cereale into montanum has a selective disadvantage, natural selection should favor 
those mechanisms which will encourage the former and hinder the latter. An indica- 
tion of such barriers is furnished by the reciprocal fertility differential in c X m and 
m X c hybrids. Price (1955) reported 78 percent seed germination in c X m hybrids 
and only 18 percent germination in the reciprocal m X c hybrids using the Copen- 
hagen strain of montanum. In hybrids with a perennial form from Iran, the c X m 
hybrids showed 84 percent germination, the m X c hybrids only four percent germi- 
nation. In crosses between S. cereale variety King II and S. montanum, RitEy (1955) 
obtained germination of hybrid seed only when S. cereale was the female parent. 

From a study of a small F2 population (21 plants) from a comparable c X m 
hybrid, RmtEy (1955) concluded that only parental-type gametes are functional in 
the F; and that the translocation arrangement therefore functions in rigidly preserving 
the identity of the species. He further contends that the important differentiating 
characters of the species are located in the proximal regions of the chromosomes 
belonging to the translocation group and are therefore preserved from recombina- 
tion. However, the results of the present study do not support these observations. 

With a six-chromosome translocation figure only one pair of centromeres, at most, 
could exist in the differential region. However, as shown above, there is no centromere 
within the differential region of the c X m hybrid used in this study. There are, there- 
fore, no median chromosome sections which would be protected from crossing over 
and, as shown above, even the differential region of the translocation configuration 
shows recombination. At best, therefore, the three chromosomes belonging to each 
species can be considered as one linkage group and even this is often altered when 
viable gametes are produced following adjacent disjunction (a situation permitted 
by the duplication segment present in S. montanum). 

RiLEy’s (1955) observation that perenniality is due to a dominant factor located 
within the translocation group of chromosomes is also at variance with the results 
of this study, which might indicate a real difference between the linkage groups of 
the plants which he studied and of those reported herein. As noted above, perenni- 
ality was found to segregate as a simple recessive factor and showed no correlation 
with the translocated chromosomes. Other morphological characters studied which 
distinguished the two forms, including earliness, growth habit, rhythm of maturation 
and position of leaves, likewise showed no correlation with the translocation chromo- 
somes. There is, therefore, no apparent reason for assuming either that certain mor- 
phological characters associated with one or the other species has been responsible 
for the establishment of the translocation pattern nor that the translocations have 
been important in preserving species identity. The establishment of the two trans- 
location events may therefore have been fortuitous. 

Since the contrasting patterns differ by two separate translocations and since both 
of these chromosomal patterns are represented in populations which are now very 
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widespread geographically, the origin of one from the other or of both from an an- 
cestral type, probably occurred only once and prior to the geographic dispersal of 
at least one of the types. 

According to RosHEvitz (1948) some perennial types have occupied their present 
habitats since the Miocene epoch of the Tertiary period. Therefore, since the same 
chromosome pattern is found in all of these perennial forms, including the species S. 
africanum which is separated from the rest of the genus by the continent of Africa, 
its origin must have been at least 40 million years ago. Most investigators (H1rcH- 
cock and Cuase 1910; Vavitov 1917; ScHTEMANN 1940) consider cereal rye to be of 
recent origin, dating back only a few centuries. The wild weedy types which ap- 
parently have the same chromosome arrangements as cereal rye, may be somewhat 
older, but since they occupy only habitats created by man, they are probably rela- 
tively very young as compared to the perennial forms. It appears, therefore, that 
it would have been impossible for the perennial forms to have been derived from the 
cereal or weedy rye types. 

In order for the cereale pattern to have been derived from S. montanum a very 
strong selective advantage for each of the two new rearrangements would have 
been necessary to counteract the sterility barrier attending the translocation hetero- 
zygote. Due to the swamping effect of the parental type gametes, the new rear- 
rangements would have been kept in the heterozygous, and therefore highly sterile, 
condition for a long period of time. Furthermore, when the rearranged chromosomes 
became homozygous, inbreeding depression, common in the cross-fertilized Secale 
species, would again have furnished a strong selective disadvantage. 

It seems unlikely, therefore, that either of these two chromosome patterns is an- 
cestral to the other. This is further attested by the fact that no pattern intermediate 
between the two has been found in natural populations. Since such an intermediate 
pattern must have had a very strong selective advantage for its establishment, it 
should be represented in some modern populations, especially in view of the ap- 
parently recent origin of the S. cereale pattern since which there have been no ap- 
parent catastrophic climatic or edaphic changes in the regions in which the intet- 
mediate rearrangement would necessarily have been well adapted. 

It appears to the writer, therefore, that a third taxon must have been involved in 
the origin of the two chromosomal patterns. According to RosHeEvitz (1948) S. 
silvestre Host., an annual species now occupying sandy soils of the Sarmatian basin, 
is as old as the earliest perennial forms. He suggests that it has been separated from 
the perennial forms since the Miocene epoch of the Tertiary period when the ancient 
Tethys basin became separated into the Sarmatian and the Mediterranean Sea. 
Such a major geographic alteration with its accompanying edaphic and climatic 
changes would have provided the ideal conditions for splitting up a sympatric popu- 
lation into separate isolates. If the ancient representative Secale population con- 
tained various chromosome patterns, or if segregant isolates from the original popu- 


lation should fortuitously fix different chromosomal arrangements, two divergent 
patterns could have become established with or without any accompanying selective 
advantage of such arrangements. 

The chromosomal arrangements have not yet been determined for S. silvestre, 
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but if it has the same patterns as do the other annual forms, it may represent one of 
the ancestors of cereal rye. Such an assumption is not at variance with the known 
distributions and characteristics of the current members of the genus. S. silvestre 
occupies the sandy soils of the Sarmatian basin. Series Kuprijanovia is limited to the 
mountains of the Mediterranean (except S. africanum which is endemic to South 
Africa). The range of most of the cultivated and weedy ryes (Series Cerealia Roshev.) 
is that area which lies between the ranges of the Silvestria and Kuprijanovia series, 
namely the Caucasus, Asia Minor, Kurdistan, Northern Iran, Afghanistan and the 
eastern part of Kasakstan (according to RosHEvitz, 1948). 

Since both S. silvestre and the perennial forms have occupied, for several millions 
of years, the same habitats which they now occupy, it may be concluded that they 
are well adapted to these habitats and that excessive new variability within them 
would be at a selective disadvantage. The annual cereal types, however, occupy 
new and variable habitats created by man and would therefore be favored by con- 
siderable variability. 

This suggests that the series Cerealia may have been derived from the products of 
interspecific hybridization between S. silvestre and some member (or members) of 
the Kuprijanovia series. Since the parental species are well adapted to their par- 
ticular environments, such new combinations could be established only in new 
habitats such as those which have been furnished in these areas by man. The hardi- 
ness and vigor of the perennial types, accompanied by the annual characters of 
S. silvestre could have resulted in an aggressive weedy pioneer in wheat and barley 
fields. Subsequent selection in the grain fields would have resulted in a stiff rachis, 
larger grain, stiffer straw, etc., characteristic of cultivated rye. On this assumption 
and as postulated by VAviLov (1917) and ScHIEMANN (1932), cereal rye may have 
been derived by selection from the weedy-rye types. 


SUMMARY 


1. In the PMC’s of the hybrids S. cereale L. X S. montanum Guss. and S. cereale 
L. X S. africanum Stapf., a translocation configuration involving six chromosomes 
is formed. In the hybrid S. montanum X S. africanum, only bivalents are formed. 

2. At diakinesis the translocation figure is usually observed as a chain-of-six, but 
occasionally a ring-of-six is found. 

3. The failure of the ring-of-six to form in the hybrid c X m is due to the failure 
of chiasmata to form in one particular arm of the multiple association. 

4. Each of the translocated segments is considerably shorter than an entire 
chromosome arm so that homology with the same chromosome continues on both 
sides of the centromere. None of the centromeres lie within the differential region. 

5. The recovery of an F2 segregant which formed a ring-of-four at meiosis indicates 
that there is crossing over within the differential segment of the Fi translocation 
figure. 

6. A segment of one of the mon/anum chromosomes belonging to the translocation 
figure is duplicated on another montanum chromosome which is also a member of 
the translocation group. 

7. Second generation segregants which usually form chains of four but which 
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occasionally form chains of six at meiosis are interpreted as the product of adjacent 
disjunction in the translocated group of the F; hybrid. Such nondisjunctional gametes 
would be deficient for a portion of the distal segment which rarely associates in the 
six-chromosome complex and duplicate for one of the other short aims of the trans- 
location figure. 

8. Second generation segregants which form rings of six at a high frequency at 
diakinesis indicate the presence of considerable homology in the distal segments 
which usually fail to associate in the F;. Such new homology is considered to have 
been derived from crossing over within these segments at meiosis of the F; hybrid. 

9. One of the F2 plants which showed a high frequency of rings-of-six at meiosis 
occasionally had a ring chromosome and a rod chromosome at T-2. This is inter- 
preted as having resulted from crossing over within a partial isochromosome. Such a 
partial isochromosome could be formed following crossing over at each end of the 
cereale chromosome which associates distally with the two montanum chromosomes 
possessing the duplication. 

10. A high frequency of trisomics is produced in the F2 progeny of the c X m 
hybrid. Most of these could be shown to have an extra chromosome belonging to the 
translocation group. The chromosomes located at the end of the F; chain-of-six con- 
figuration are included as the extra chromosome in trisomics more often than any 
of the other chromosomes. 

11. No evidence for association of morphological characters with the distribution 
of the translocated chromosomes could be established for the characters which 
were scored. 

12. S. cereale is considered to have been derived from weedy rye types which in 
turn are considered to have resulted from interspecific hybridization between S. 
silvestre and S. montanum. 

13. The extreme variability currently found in rye and weedy rye populations is 
considered to have resulted from introgression of S. montanum into rye populations. 

14. Extra chromosomes in rye populations are also considered to have resulted 
from interspecific hybridization. 
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HE study reported in this paper concerns the effects of X-rays and thermal neu- 

trons on dormant seeds of the tomato, Lycopersicon esculentum, expressed as 
chromosomal abnormalities in root tip mitoses, seedling injury, and chlorophyll and 
morphological changes. X; and N; refer to the X-ray- and thermal neutron-irradiated 
generations, respectively; X. and N» to the progenies of the X; and N; generations, 
respectively. 

A few studies have been reported concerning the cytogenetic effects of irradiation 
on the tomato. MARSHAK (1939) irradiated tomato root tips with fast neutrons and 
fixed them at various intervals after irradiation. He observed that the frequency 
of normal anaphase figures decreased to a minimum at from three to nine hours 
after irradiation, and increased after this time. A dose of 100 ‘‘n” units, which is 
equivalent to between 200 and 250r units (GiLEs 1943), resulted in 69.5 percent 
normal anaphase cells when the root tips were fixed three hours after irradiation. 

The effects of irradiation on the meiotic chromosomes were observed by 
GoTTSCHALK (1951) using X-rays on inflorescences and by BARTon (1954) using 
X-ray and ultraviolet radiations on pollen. 

LINDSTROM (1933) applied Monel-radium needles emitting gamma rays to tomato 
seeds, growing tips and developing fruit. He obtained the following recessive muta- 
tions which were heritable: ridged or rough leaves (ri); virescent-white (v), a seedling 
chlorophyll mutation; yellow foliage (/-lutescent); yellow seedlings (ys); rolled coty- 
ledons (rc); and sterile plant (s/), a mutation which produces a marked inhibition 
of growth. 

MacArtuur (1934) irradiated dormant tomato seeds with various doses of X-rays, 
the maximum being approximately 20,000r units. Germination was not reduced in 
the X, generation and, except for eight bright yellow-white lethal seedlings from 
1200 X-rayed seeds, the other X; plants appeared normal. In the X_2 generation 43 
mutations were found in 346 progenies (12.4 percent). Most of the mutations af- 
fected the chlorophyll system in the cotyledons and first leaves, and in three cases 
the stem color was green instead of the usual red. The cotyledons also showed changes 
in size, shape and number. Morphological changes included potato-leaf-shaped 


! This study was conducted under Contract No. AT(11-1)-169, Atomic Energy Commission, in 
cooperation with the Brookhaven National Laboratory. Published with the approval of the Director 
as Paper No. 777, Journal Series, Nebraska Agricultural Experiment Station. This paper is based 


on a thesis submitted by the senior author in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy in the Graduate School of the University of Minnesota. 
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leaves and curly leaves with narrow, dissected leaflets. Ultra-dwarf types and killing 
of the growing tips were also observed. 


MATERIALS AND METHODS 


The dwarf tomato variety Puck was used in this study because of its small vine 
size and its ability to withstand transplanting. 

The irradiations of the dormant seeds were made at the Brookhaven National 
Laboratory, Upton, Long Island, N. Y. The X-radiations were applied on April 20, 
1953, at the rate of 250 KVP and 30 ma, filtered through 1 mm of aluminum; the 
target distance was 27 cm and the machine delivered approximately 800r per minute. 
The doses applied were 6000r, 8000r, 10,000r, 12,000r, 14,000r, and 16,000r, and the 
number of seeds irradiated at each dose was approximately 400. 

The thermal neutron irradiations were made in the thermal column of the nuclear 
reactor on March 21, 1953. The tomato seeds were placed in a leucite container and 
flux calculations were made from gold foils exposed with the seeds. The following 
exposures were made: 5, 10, 15, 20, 25, and 30 hours at a flux value of approximately 
7 X 10> thermal neutrons/square centimeter/second. The total dose of thermal 
neutrons/square centimeter given to the seeds at each exposure was as follows: 
5 hours—1.3 & 10", 10 hours—2.6 X 10, 15 hours—3.8 X& 10", 20 hours—5.0 X 10", 
25 hours—6.4 X 10", and 30 hours—7.7 X 10". Approximately 200 seeds were ir- 
radiated at each dose. 

For root tip cytological studies a portion of the seeds from each treatment was 
germinated between blotters in an alternating temperature incubator at 68°F for 
16 hours and 86°F for eight hours. The sampling time ranged from 92 to 133 hours 
after setting up the experiment, and the samples were stored under refrigeration in 
Carnoy’s fluid, using propionic acid instead of acetic acid. 

Roots between 1.5 and 2.5 mm in length were used and were pretreated with HC] 
prior to squashing, then stained with propiono-carmine, with the addition of one 
percent gelatin to prevent dessication and a minute amount of Dow’s Antifoam A 
to eliminate bubbles under the cover slip. Steaming of the slides increased the stain- 
ing contrast. Mid to late anaphase cells, in which the chromosomes were clearly 
visible, were scored for bridges and fragments. 

The seeds for the initial root tip study were placed in the germinator ten days 
after X-ray irradiation and 40 days after thermal neutron irradiation. Since insuff- 
cient numbers of anaphase cells were obtained for the X-ray series, a second lot of 
seeds was germinated 224 days after irradiation. The cytological observations on the 
second lot indicated an increase in the anaphase bridge frequency with a longer 
storage period after irradiation, so a third lot of X-rayed seeds was germinated 322 
days after irradiation. In the thermal neutron series not enough seeds had been 
irradiated to test the effects of prolonged storage. 

For observations of the X; and N; generations, the thermal neutron series was 
planted on March 25, 1953, and the X-ray series on April 24, 1953, in greenhouse 
benches with fine gravel. There were seven replications of 40 seeds each for each 
thermal neutron dose and five replications of 40 seeds each for each X-ray dose. 
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Irradiation injury was determined by holding the first two true leaves of the 
seedlings horizontally and measuring the distance along the midribs between the 
tips of the leaves. The measurements for the thermal neutron doses and their control 
were made 26 days after seeding and for the X-ray doses and their control 24 days 
after seeding. 

In order to avoid bias in selecting the more vigorous plants, the first 124 seedlings, 
or all that survived below this number, in each dose were transplanted to the field. 
As a rule, sampling of two fruits from each X; and each N; plant provided at least 
50 seeds for mutation studies in the X_ and Np» generations, respectively. However, 
three or four fruits had to be taken from some plants in the thermal neutron series 
in order to obtain adequate seed. 

The X, and Ne seedlings were grown in greenhouse sand benches. The chlorophyll 
mutations were classified as follows: albinos, no pigmentation; yellow, no green pig- 
ment; yellow-green, green with yellow pigment; light-green, no yellow pigment and 
lighter green than normal; virescent, any light-green, green or yellow-green seedlings 
which later turned normal green. Other mutants classified were glossy (cotyledons 
with glossy or water-soaked appearance), polycotyledonous (split cotyledons and 
more than two cotyledons), and tall (taller than sibs). 


RESULTS 
Cytological effects of irradiation on root-lip cells 


The most common visible chromosomal changes in tomato root tips caused by 
X-rays and thermal neutrons were anaphase bridges and fragments. Anaphase 
bridges resulted from the union of centric segments of broken chromosomes and 
usually appeared in pairs; however, a few single bridges were observed. Fragments 
or acentric chromosomes varied in length and were as a rule in pairs. Photographs 
of cells showing these and other abnormalities may be seen in figure 1. At higher 
doses of irradiation some of the chromosomes were in such a disorganized state that 
there was difficulty in differentiating bridges (fig. 1, K and L). 

The frequencies of anaphase bridges, fragments and abnormal cells (including 
bridges and/or fragments) are presented in table 1. In each case a higher frequency 
of abnormalities was produced by the range of thermal neutron doses used than by 
the range of X-ray doses. At the two highest thermal neutron doses over 95 percent 
of the cells contained abnormalities, and at an X-ray dose of 16,000r units, approxi- 
mately 93 percent of the cells were affected. 

The linear regression of bridge and fragment frequencies on dose of thermal neu- 
trons (fig. 2) indicates a direct relationship between chromosomal aberrations and 
dosage in both cases. The frequencies of X-ray-induced bridges, when seeds were 
germinated ten days after irradiation, also bear a direct relationship to the dosage 
applied (fig. 3). However, for the X-ray-induced fragment frequency at the ten-day 
sampling date, the departure from linear regression was statistically significant at 


the five percent level, and is indicated by the curve in figure 4. 











FiGURE 1.—Photomicrographs of root tip cells from tomato seeds irradiated while dormant. The 
cell in H is in the telophase stage, those in I and J are in prophase, and the rest are in anaphase. 

A.—Normal anaphase. 

B through E.—Two bridges lying more or less parallel in B and C, crisscrossed in D, and inter- 
locked in E. Note the paired fragments in C. 


F.—Four bridges. Note the “starved” appearance of the chromosomes, an effect of high dosage. 
G.—Six bridges and several fragments 

H.—Chromatin projections from telophase nuclei. 

I.—Ring chromosome. 

J.—Several dicentric chromosomes. 

K and L.—Cells showing considerable chromosomal fragmentation 











TABLE 1 


Frequencies of anaphase bridges, fragments and abnormal cells in root tips from tomato seeds irradiated 
while dormant with X-rays and thermal neutrons* 


. No. of Bridges Fragments Abnormal cells 
No. of , ) 
: cells ' 
root tips . 
examined 


rreatment 


Total no.| Per cell Total no. Per cell No. Percent 
Control 5 81 2 0.02 0 0.00 1 1.23 
X-rays 
6000r 6 60 16 0.27 33 0.55 21 35.00 
8000r 5 38 20 0.53 36 0.95 19 50.00 
10000r 9 118 86 0.73 178 1.51 77 65.25 
12000r 10 103 54 0.52 246 2.39 63 61.17 
14000r 12 81 79 0.98 197 2.43 56 69.14 
16000r 11 113 126 1.12 498 4.41 105 92.92 
Thermal neutrons per ] 
cm? 
1.3 * 10! 7 114 39 0.34 116 1.02 49 42.98 
2.6 X 10! 8 118 66 0.56 322 2.73 88 74.58 
3.8 X 10! 6 107 91 0.85 385 3.60 94 87.85 
5.0 K 10! 8 81 91 1.12 290 3.58 69 85.19 
6.4 X 10% 11 101 138 1.37 | 513 | 5.08 97 | 96.04 
1.14 XP 10 105 188 1.79 691 6.52 104 98.11 


* For the X-ray series seeds were germinated ten days after irradiation and for the thermal neutron 
series, 40 days after irradiation. 
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FIGURE 2.—Regressions of anaphase bridges and fragments on dose of thermal neutrons. 
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Postirradiation storage effects 


The relationship between storage period after X-irradiation and frequencies of 
root tip abnormalities is presented in table 2 and in figures 3 and 4. Unfortunately 
thermal neutron-irradiated seeds were not available in sufficient amounts to make 
similar tests. The increase in storage period after irradiation was paralleled by an 
increase in the frequency of anaphase bridges for each dose of X-radiation and also 
for the combined doses (based on the numbers of bridges and cells for each treat- 
ment). For fragments there was, with a few exceptions, an increase in frequency 
with prolonged storage, but the combined doses showed a slight. decrease from 224 
to 322 days, and this was also evident in the frequency of abnormal cells. The analyses 
of variances for bridges per cell for the three postirradiation germination dates 
showed significance at the one percent level; for fragments per cell and percent 
abnormal cells, significance at the five percent level. 

Regressions of bridges per cell on dose of X-rays for the three dates of germination 
after irradiation are presented in figure 3 and regressions of fragments on dose for 
the same three dates are presented in figure 4. There is a linear relationship between 
bridge frequency and dose for the three sampling dates, although there seems to be 
a plateau at the higher doses for the 224-day sampling date. Although initially the 
relationship between fragment frequency and X-ray dosage was nonlinear, as is 
shown by the curve for the ten-day sampling date, the regression lines for the 224- 
and 322-day sampling dates indicate a linear relationship between fragment fre- 
quency and dosage. Analyses of variances gave no significant departures from 
linearity in the last two cases. 


TABLE 2 
Frequencies of anaphase bridges, fragments and abnormal cells in root tips from tomato seeds germinated 
q 4 ges, Jrag j { 
10, 224 and 322 days after X-irradiation 


No. of days X-ray dosage 


after ‘ a 
irradiation 0 6000r 8000r 10000r 12000r anne l sien or six doses 
Anaphase bridges per cell 
10 .02 27 53 73 oe .98 1.12 74 
224 .00 33 57 16 1.23 1.26 1.28 .92 
322 01 sao 81 1.31 1.25 1.51 2.16 1.17 
Fragments per cell 
10 .00 20 95 1.50 2.39 2.43 4.41 2.32 
224 .00 1.28 1.61 2.31 3.16 4.97 3.66 2.92 
322 .04 72 ee 3.07 3.29 4.23 4.93 2.85 
Percent abnormal cells 
10 1.23 35.00 50.00 65.25 61.17 69.14 92.92 66.47 
224 .00 55.88 67.35 79.76 80.25 91.75 84.88 76.95 
322 3.03 39.60 65.09 83.18 86.61 91.78 96.05 75.65 
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Effects of irradiation in the X, and N, generations 


The effects of X-rays and thermal neutrons on dormant seeds as indicated by 
seedling stands and leaf size are presented in table 3. With the range of X-ray doses 
used, neither stand nor leaf size was reduced as much as in the thermal neutron 
series. The X-ray series had greater variability within treatments than the thermal 
neutron series, as is shown by the standard errors in table 3 and by the frequency 
distributions in figure 5. However, the control for the X-ray series showed as much 
variability as any of the treatments, indicating a possible influence of environmental 
factors, since the X-ray series was planted a month later than the thermal neutron 
series. 

Regression lines of leaf size (measured as described under Materials and Methods) 
on dose of thermal neutrons and X-rays are shown in figures 6 and 7, respectively. 
The relationship is linear for the thermal neutron series, but curvilinear for the 
X-ray series with the lower doses producing less reduction in size than would be 
expected for a linear relationship. 

The effects of irradiation as expressed in the X; and N; plants grown to maturity 
in the field are presented in table 4. These effects included chlorophyll and morpho- 
logical abnormalities, and decreases in fruit and seed production. 

The chlorophyll abnormalities consisted of whole plants which were light-green 
or bluish-green, and sectors of plants with light-green or yellow-green branches. The 
morphological changes observed were bifurcated or twin stalks, leaf-curling and 
nonpubescence of floral buds. Plants which were approximately one half the di- 
ameter of the control plants were classified as small. 


TABLE 3 


Effects of X-rays and thermal neutrons on dormant tomato seeds as expressed by stands and size of first 
wo true leaves of seedlings at 24 and 26 days, respectively 


Measurement of first two true leaves 


——— rm percent coteol Means in S.E a i Percent of 
mm ar control 
X-rays 
Control 160 100.0 41.8 1.2 100.0 
6000r 157 98.1 41.3 98.8 
8000r 170 106.3 38.4 9 91.9 
10000r 167 104.4 34.1 9 81.6 
12000r 141 88.1 33.0 1.0 78.9 
14000r 144 90.0 27.8 7 66.5 
16000r 134 83.8 22.2 6 53.1 
Thermal neutrons per cm* 
Control 209 100.0 35.0 ‘a 100.0 
1.3 <X 10% 208 99.5 30.4 6 86.2 
2.6 X 10% 197 94.3 28.9 4 82.6 
3.8 X 10% 211 101.0 24.6 a 70.3 
5.0 X 10% 152 72.7 20.9 ws 59.7 
6.4 X 10 91 43.5 14.6 .6 41.7 
7.7 X 108 31 14.8 6.9 8 19.7 
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FIGURE 5.—Frequency distributions of measurements on first two true leaves on seedlings from 
irradiated dormant tomato seeds 


Several plants grown from seeds exposed to the higher thermal neutron doses 
developed flowers precociously. The earliest flowers appeared at the fourth inter- 
node and opened 50 days after seeding 


B&B 


whereas the flowers on the control opened 
six days later at the eighth internode. One precocious flower developed into a fruit 
with seeds. 

With increasing dosage there was a higher frequency of plants producing no fruits 
in the thermal neutron series than in the X-ray series. Indications of a higher sterility 
in the thermal neutron series were also given by the number of plants producing 
fruits but no seeds. This may be related to a higher frequency of chromosomal aber- 
rations; however, weather conditions were more adverse during flowering and fruit- 
ing in the thermal neutron series, which was planted earlier than the X-ray series. 


Irradiation effects in the X, and N» generations 


The frequencies of X2 and Nz progenies segregating for chlorophyll and morpho- 
logical changes are shown in tables 5 and 6. Of the chlorophy!! mutants all albino and 
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FiGURE 6.—Regressions of leaf size and seedling mutations on dose of thermal neutrons 
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TABLE 4 
Effects of X-rays and thermal neutrons on dormant tomato seeds as expressed in the X; and N, plants, 
respectively, by chlorophyll and morphological abnormalities, fruit and seed production 


. sa »pPescent Percent plants with 
Treatment o. or P ants chlorophyll or 2 . 
ee 
X-rays 
Control 123 0.0 0.0 0.0 100 .0* 
6000r 117 aid 0.0 0.0 100.0 
8000r 118 0.8 0.0 8 99.2 
10000r 121 0.0 1.7 4.1 94.2 
12000r 118 1.7 ao 4.2 93.2 
14000r 114 7.0 2.6 76 =| 90.4 
16000r 116 a:4 3.4 12.1 84.5 
Thermal neutrons per cm? 
Control 123 2.4 0.0 0.0 100.07 
1.3 X 16 121 2.5 0.0 9.9 90.1 
2.6 X 10% 124 8.1 1.6 19.5 78.9 
3.8 X 10” 123 13.0 Le 36.6 57.7 
5.0 XK 10% 121 19.0 ee 27.3 70.2 
6.4 X 10% 83 | 20.5 16.9 62.7 
7.7 X 108 26 34.6 no seeds collected 


* 42 plants sampled. 
| 37 plants sampled. 


yellow seedlings were lethal, whereas only some of the yellow-green and light-green 
seedlings were lethal. The virescent, lutescent and xanthophyllic seedlings survived 
at least to the development of the second true leaf. 

Seedlings classified as polycotyledonous had either a split cotyledon or cotyledons, 
or more than two cotyledons. Tall seedlings were those which were taller than the 
control seedlings and showed morphological characteristics of the larger vine type 
(larger, smoother leaves, longer internode length). The tall phenotypes were thought 
to be true mutations from the dwarf habit of the Puck variety to the large vine type. 
Although a large vine type was planted nearby so that occasional cross-pollination 
might have occurred between it and the Puck variety, no tall plants were recovered 
from the control planting of Puck, which was nearest to the tall vine type. The first 
true leaves of seedlings classified as potato-leaf-shaped had entire margins, but by 
the time the fourth leaf had developed this character had disappeared. 

Linear regressions of abnormal X_2 and Np», plants (including chlorophyll and 
morphological changes) on radiation dose are shown in figures 7 and 6, respectively. 

Field observations were made on selected X». and Ne plants grown to maturity. 
Some of the plants differed from the control in size, but otherwise had the general 
characteristics of the control plants. The tall plants were semideterminate in growth, 
the leaves were narrower and smoother than those of the control, and the fruits were 


long-oval to flat-round with very little stem-end cracking. Two X2 plants had a 
change in fruit color from the normal red to tangerine. 
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TABLE 5 
Frequencies of X2 and Ne progenies segregating for chlorophyll and mor phological changes 


Frequencies of progenies with 


Treatment No. of progenies Chlorophyll changes Morphological changes 
No. Percent No. Percent 
X-rays 
Control 42 0 0.0 0 0.0 
6000r 117 1 0.9 9 re | 
8000r 117 F Ne > 4.3 
10000r 112 3 BR 10 8.9 
12000r 110 5 4.5 8 Y 
14000r 103 6 5.8 7 6.8 
16000r 98 9 9.2 7 7.1 
Thermal neutrons per cm? 
Control 37 0 0.0 1 2.4 
1.3 a 109 9 8.3 12 11.0 
2.6 X 10% 97 8 8.2 17 17.5 
3.8 X 10% 71 7 9.9 12 16.9 
5.0 X 10% 85 6 7.1 14 16.5 
6.4 X 10% 50 11 22.0 14 28.0 
‘ TABLE 6 


Frequencies of X2 and N2» progenies with specific types of chlorophyll and morphological changes 


Frequencies of progenies 


Type of change X-rays (total of 6 doses) ‘cule: py 
Percent Percent 
No (based on 657 No (based on 412 
progenies) progenies) 
Chlorophyll changes 

Albino 1 0.2 0 0.0 
Yellow 7 | 6 1.5 
Yellow-green 5 0.8 9 2.2 
Light-green 6 0.9 11 a3 
Virescent 7 1.1 9 2.2 
Lutescent 0 0.0 4 1.0 
Xanthophyllic 0 0.0 2 0.5 
Total 26 4.0 41 10.0 

Morphological changes 
Polycotyledonous 35 3.3 49 11.9 
Tall 8 l.2 19 4.6 
Glossy 2 0.3 0 0.0 
1 0.2 1 0.2 


First leaf potato-leaf shape 


Total 46 7.0 69 16.7 
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Seven progenies from the tall X. and N» plants were grown in the greenhouse. A 
total of 124 seedlings was obtained, which included 91 tall and 33 dwarf and indi- 
cated that tall stature was due to a single dominant mutation (x? = .17,.7 < P > .5). 

DISCUSSION 

When dormant seeds are irradiated, the anaphase bridges and fragments which 
occur during the first mitotic cycle after the seeds have germinated, are one index 
of the biological effect of irradiation. They are a direct result of the original breaks 
and reunions, provided no significant time lapse has occurred between irradiation 
and germination. Since most of the bridges observed in this study were in pairs, 
they must have resulted from breaks in two chromosomes and union of the two 
centric segments. This is in agreement with observations on root tip cells from ir- 
radiated, dormant barley seeds (CALDEcort ef al. 1954). Presumably each member 
of the pair of bridges represented a chromatid of the dicentric metaphase chromo- 
some, indicating that breakage and reunion of the centric segments had occurred 
while the chromosomes were, at least functionally, single units. GUsTAFSssON (1936) 
X-rayed dormant barley seeds having different water contents and observed sec- 
tioned root tips at the time of the first mitotic divisions. From the types of chromo- 
somal aberrations and the behavior of different nuclei with respect to time and rate 
of division and water content, he concluded that he had support for the single thread 
concept of the resting chromosome. SAx and KING (1955), by means of different 
types of X-ray-induced aberrations in Tradescantia microspores, concluded that the 
chromosomes were bipartite in the microspore resting nucleus, but responded as 
single units to irradiation. 

If, on a random basis, the centromeres of a dicentric chromosome have an equal 
chance of going to opposite poles or to the same pole, the frequency of dicentric 
bridges in the first mitotic cycle represents only one half the frequency of this type 
of aberration. The tomato chromosomes were too small and numerous to detect the 
instances where the dicentric went intact to one pole. However, the behavior of a 
dicentric at anaphase may depend on several factors. Hustep (1936) and GARDE 
(1948) suggested that dicentric chromosomes with the centromeres in close proximity 
survive because the centromeres seem to behave as a single element. MATHER and 
STONE (1933) irradiated dormant bulbs of tulips with X-rays and observed dicentric 
chromosomes several months later, although the chances for survival were small. 
Sears and CAMARA (1952) suggested that a dicentric chromosome in wheat survived 
through mitotic divisions because one centromere was more potent than the other 
in affecting poleward movement. 

The positions of dicentric chromosome bridges during anaphase may be parallel, 
overlapping, crisscrossed, or interlocked. The proportions of the different configura- 
tions may vary with the plant species. SAx (1941) indicated that one fourth of the 
anaphase bridges were interlocked in root tips grown from irradiated onion seeds. 
CaLpEcoTT and SmitH (1952) stated that in one study involving 792 cells in which 
two bridges were present, 483 pairs were crossed or interlocked and 209 were parallel. 
The observations of anaphase bridges in tomato root tips grown from irradiated, 


dormant seeds showed only a few interlocked or crossed types of configurations. This 
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may have been due to the small size of tomato chromosomes so that, if the configu- 
rations were present, they were difficult to observe. 

The linear relationship between bridge frequency in tomato root tip cells and 
dosage of thermal neutrons (fig. 2) would indicate that the two breaks involved in 
the paired bridges were produced simultaneously by the passage of a single ionizing 
particle. This has been the theory advanced to explain a similar relationship between 
interchange frequency and thermal neutron dosage in barley (CALDEcorrT ef al. 1954) 
and between chromosome exchange frequency and fast neutron dosage in Trades- 
cantia (GiLEs 1940). For X-radiation a linear relationship between bridge frequency 
and dosage was obtained in the tomato (fig. 3) and also in barley by CALDECOTT ef 
al. (1954), who suggested that the simultaneous production of two breaks could 
result from the dense ionization at the end or tail of an electron track. The length 
of this effective tail has been calculated by LEA (1955) to be .3 microns. 

The relationship between fragment frequency in tomato root tip cells and dosage 
was linear for the thermal neutron series (fig. 2) but curvilinear for the X-ray series 
at the ten-day sampling date (fig. 4). The same two breaks which resulted in paired 
anaphase bridges would also produce two acentric terminal fragments (unless addi- 
tional breaks were involved) which should increase linearly with dosage, since this 
was the case with the bridge frequencies. A comparison of the bridge and fragment 
frequencies in table 1 indicates a two- to four-fold excess of fragments over bridges 
for both the thermal neutron and X-ray series. These additional fragments could 
be either terminal or interstitial deletions, the latter requiring two breaks in a 
chromosome. 

Rick (1940), in a study of X-ray induced deletions in Tradescantia microspores, 
found that large rod shaped fragments, which he considered to be terminal deletions, 
increased linearly with dosage, but ring shaped deletions, thought to be of interstitial 
origin, increased according to the square of the dosage. Except for an occasional 
ring shaped fragment in the tomato cells, it was not possible to distinguish between 
terminal and interstitial fragments. However, the nonlinear relationship between 
fragments and X-ray dosage suggests that interstitial deletions were included in the 
types of fragments produced, and that the two breaks involved were, at least in 
some cases, far enough apart to have required two separate ionizations. With thermal 
neutrons, on the other hand, if it is assumed that a similar proportion of interstitial 
deletions was produced, the linear relationship supports the theory that a single 
event produced the two breaks with this densely ionizing type of radiation. 

When germination of X-rayed dormant seeds of the tomato was deferred, there 
was an increase in the frequencies of bridges and fragments, as is shown in table 2 
and in figures 3 and 4. Gustarsson (1936) observed that for X-rayed dormant 
barley seeds, the frequency of chromosomal disturbances in the first mitotic divisions 
was increased from 16.1 percent in root tips exainined four days after irradiation to 
32.8 percent in those examined 66 days after irradiation. He (1944) found that when 
X-rayed mustard seeds were stored for a year or two, the germination and growth 
were visibly inferior to those of the control or of the newly irradiated material, but 
he reported no cytological observations. NicHoLs (1942) studied the effects of age 
and X-rays on chromosomal aberrations in Allium (onion) seeds. Both aging and 











236 PAUL YAGYU AND ROSALIND MORRIS 


X-raying of seeds caused aberrations, but, since there was no correlation, the causal 
mechanisms may have been different. NicHots found that in aged, irradiated seeds, 
in addition to aberrations caused by direct hits of X-rays, there were set in motion 
other changes in cells which continued to cause chromosome breakage for some time 
after irradiation. Since ‘‘fresh” seeds did not show this effect, it was indicated that 
the physiological condition of the cells was intimately associated with the production 
of after effects following irradiation by X-rays. NrLAn (1955) irradiated dormant 
barley seeds with X-rays using low dosages (45r and 90r) and stored the irradiated 
seeds in air and in oxygen for 16 weeks. The frequencies of chromosomal bridges and 
acentric fragments in shoot tip cells showed a progressive increase from six weeks to 
16 weeks after irradiation. The increase was greater for irradiated seeds stored in 
oxygen than for those stored in air. NILAN suggested that potential or latent chromo- 
somal breaks produced by low dosages were transformed into actual breaks through 
the influence of oxygen during storage. 

The increase in bridges and fragments in tomato root tip cells after aging of ir- 
radiated seeds may be accounted for by some chemical or physiological change 
effected by the irradiation. If new breaks arise, they may be caused by chemical 
agents formed in the cytoplasm by X-irradiation (GLUCKSMANN 1950). RAJEWSKY 
(1952) stated that time may be required for the diffusion of these chemical agents 
from the cytoplasm to the cell constituents which they affect. Therefore the aging 
of irradiated seeds could allow time for the transfer of the chemical agents from their 
place of origin to the vicinity of the chromosomes, and thereby cause an increase 
in chromosomal breaks. The increase in bridge and fragment frequencies over the 
initial frequencies was not correlated with dosage to any extent, thus negating the 
possibility of a quantitative relationship between dosage and a product of irradiation. 

The relationship between fragment frequency and X-ray dosage was nonlinear 
when seeds were germinated ten days after irradiation, but was linear when the 
seeds were stored for 224 and 322 days before being germinated. This would suggest 
that the fragments produced by additional breaks during the storage period resulted 
from the one hit type of breakage phenomenon, and that the conditions during 
storage differed from those produced initially by the X-irradiation. 

Biological equivalence values, based on the regression coefficients of two variables, 
have been used to compare different radiations which cannot be compared directly 
in terms of their physical units (CONGER and GiLEs 1950). These authors reported 
their most accurate equivalence value for isochromatid deletions in Tradescantia 
microspores as ir unit of X-rays equals 5.1 X 10° thermal neutrons per cm’. 
CaLpeEcott ef al. (1954) calculated equivalence values for chromosomal interchanges 
and mutations in barley as Ir = approximately 3 X 10% thermal neutrons per cm’. 

Using the regression coefficients, the equivalence value for mitotic interchanges in 
tomato (see figs. 2 and 3) was calculated to be lr = 2.8 X 10° thermal neutrons per 
cm?, and for seedling mutations (see figs. 6 and 7), Ir = 1.7 X 10° thermal neutrons 
per cm*. The values for the tomato can be more justifiably compared with the value 
for barley than that for Tradescantia, since with both the tomato and barley dor- 
mant seeds were used and irradiations were carried out under the same conditions. 
although not at the same time. Using the biological effects of X-rays as a basis for 
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comparison, it would seem that dormant seeds of tomato are more resistant to the 
effects of thermal neutrons on the chromosomes and genes than are dormant seeds 
of barley. 


SUMMARY 


Dormant seeds of the tomato variety Puck were exposed to six X-ray dosages 
ranging from 6000 to 16,000r units, and tosix thermal neutron dosages ranging from 
1.3 X 10 to 7.7 X 10" thermal neutrons per cm”. 

The effects of irradiation were determined in the immediate generation by means 
of chromosomal aberrations in root tip cells, seedling survival and leaf size, fruit and 
seed production, and in the next generation by means of seedling mutations. For the 
thermal neutron series a linear relationship with dosage was obtained for anaphase 
bridges and fragments in root tip cells, reduction in leaf size and seedling mutations. 
For the X-ray series a linear relationship with dosage was obtained for anaphase 
bridges and seedling mutations, and a nonlinear relationship for fragments and re- 
duction in leaf size. Storage of dormant seeds for up to 322 days after X-radiation 
gave a progressive increase in anaphase bridge frequencies at all six dosages, and in 
fragment frequencies at most dosages. 

The range of thermal neutron dosages used had a more pronounced effect than 
the range of X-ray dosages with respect to all these criteria. 

The cytological observations indicate that the chromosomes were functionally 
single at the time of breakage, and that for both types of radiations the two breaks 
involved in the production of anaphase bridges were induced by a single ionization 
event. However, at least some of the X-ray-induced fragments must have resulted 
from two separate ionization events. 

The biological equivalence value for mitotic interchanges in the tomato was 
ir = 2.8 X 10° thermal neutrons per cm? and for seedling mutations, Ir = 1.7 X 10° 
thermal neutrons per cm’. 


LITERATURE CITED 


Barton, D. W., 1954 Comparative effects of X-ray and ultraviolet radiation on the differentiated 
chromosomes of the tomato. Cytologia 19: 157-175. 

CaLpecortt, R. S., and L. Smirn, 1952 A study of X-ray-induced chromosomal aberrations in barley. 
Cytologia 17: 224-242. 

CatpeEcortt, R. S., B. H. BEARD, and C. O. GARDNER, 1954 Cytogenetic effects of X-ray and ther- 
mal neutron irradiation on seeds of barley. Genetics 39: 240-259. 

Concer, A. D. and Norman H. Gites, Jr., 1950 The cytogenetic effect of slow neutrons. Genetics 
35: 397-419. 

GARDE, ALBERTO, 1948 Some cytological observations of X-ray action on Triticum monococcum. 
Agronomia Lusitana 10: 25-73. 

Gites, N. H., Jr., 1940 The effect of fast neutrons on the chromosomes of Tradescantia. Proc. 
Natl. Acad. Sci. U. S. 26: 567-575. 

1943 Comparative studies of the cytogenetical effects of neutrons and X-rays. Genetics 28: 

398-418. 

GiitcksMANN, A., 1950 Cytological aspects of protection from ionizing radiations. Brit. J. 
Radiol. 23: 41-45. 

GoTTscHALK, W., 1951 Untersuchungen am Pachytan normaler und rontgenbestrahlter Pollen- 
mutterzellen von Solanum lycopersicum. Chromosoma 4: 298-341. 











238 PAUL YAGYU AND ROSALIND MORRIS 


Gustarsson, Ake, 1936 The different stability of chromosomes and the nature of mitosis. Heredi- 

tas 22: 281-335. 
1944 The X-ray resistance of dormant seeds in some agricultural plants. Hereditas 30: 165-178. 

Hustep, L., 1936 An analysis of chromosome structure and behavior with the aid of X-ray in 
duced rearrangements. Genetics 21: 537-553. 

Lea, D. E., 1955 Action of Radiations on Living Cells. The University Press. Cambridge. 2nd ed. 

Linpstrom, E. W., 1933 Hereditary radium-induced variations in the tomato. J. Heredity 24: 
129-137. 

MacArtuur, J. W., 1934 X-ray mutations in the tomato. J. Heredity 25: 75-78. 

Marsuak, A., 1939 Effect of fast neutrons on chromosomes in mitosis. Proc. Soc. Exp. Biol. Med. 
41: 176-180. 

MarTueR, K., and L. H. A. Stone, 1933 The effect of X-radiation upon somatic chromosomes. J. 
Genet. 28: 1-23. 

Nicuots, C., 1942 The effects of age and irradiation on chromosomal aberration in Allium seed. 
Am. J. Botany 29: 755-759. 

Nitan, R. A., 1955 Post-radiation storage effect on chromosomes in barley seeds X-rayed at nor 
mally ineffective dosages. Genetics 40: 588. 

Rajewsky, B., 1952 The limits of the target theory of the biological action of radiation. Brit. J. 
Radiol. 25: 550-552. 

Rick, C. M., 1940 On the nature of X-ray induced deletions in Tradescantia chromosomes. Ge 
netics 25: 466-482. 

Sax, K., 1941. The behavior of X-ray induced chromosomal aberrations in onion root tips. Ge- 
netics 26: 418-425. 

Sax, K., and E. D. Kino, 1955 An X-ray analysis of chromosome duplication. Proc. Natl. Acad. 
Sci. U. S. 41: 150-155. 


Sears, E. R. and A. Camara, 1952 A transmissible dicentric chromosome. Genetics 37: 125-135 








EFFECTS OF VARIOUS CATION IMBALANCES ON THE FREQUENCY 
OF X-RAY-INDUCED CHROMOSOMAL ABERRATIONS 
IN TRADESCANTIA! ? 


DALE STEFFENSEN 


Biology Department, Brookhaven National Laboratory, Upton, New York 
Received October 10, 1956 


HE biological functions of metal ions, which are best understood, are involved in 

enzymatic reactions. Metal requirements for enzyme systems have been dis- 
cussed recently by McELroy and Nason (1954). Metal ions have also been shown to 
influence permeability, coagulation, precipitation, electrical potential, and viscosity. 
The detailed functions and precise mechanisms of action of many metals have yet 
to be determined although their nutritional requirements and distribution have been 
established. This lack of specific evidence has indeed been the case for the metals 
occurring in the nucleus. One hypothesis followed here states that cations are directly 
involved with the stability of chromosomes. 

Since it was found that ‘“‘spontaneous’”’ chromosomal aberrations were produced 
in Tradescantia when plants were subjected to magnesium or calcium deficiencies 
(STEFFENSEN 1953, 1955a), the possibility seemed likely that a particular metal 
might be effective in altering the frequency of X-ray-induced chromosomal aberra- 
tions. It is, therefore, proposed to examine (Steffensen 1954) the combined effects of 
X-irradiation with proportional dilutions of total nutrient solution and single cation 
deficiencies on chromosomal breakage frequency. 

In the work with spontaneous breakage, the plants grown on suboptimal calcium 
showed the most striking increase in chromosome aberrations. The microspores and 
pollen of plants lacking calcium gave at least a 17-fold greater rate of chromosome 
aberrations than those of plants grown on optimal calcium. Of the individual metal 
ions examined here (calcium, magnesium, iron and manganese), only suboptimal cal- 
cium gave significant and reproducible results with X-rays. A hypothetical model 
will be discussed in which it is proposed that calcium plays an essential part in the 
chromosome’s structure. 


MATERIALS AND METHODS 


The plants from clonal divisions of Tradescantia paludosa (clone 5 of Sax) were 
grown in nutrient solutions using slight modifications of solution 1 as given by 
HOAGLAND and ARNON (1950). Reagent grade salts were employed. Solution 1 con- 
sists of the following additions to distilled water, the final volume being one liter. 


‘A part of this work was taken from a thesis submitted in partial fulfillment for the degree of 
Doctor of Philosophy in the Department of Genetics, University of California, Berkeley. 

2 A part of research carried out at Brookhaven National Laboratory under the auspices of the 
U. S. Atomic Energy Commission. 
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ml 
M KH-2PO, 1 
M KNO; 5 
M Ca(NOs)> 5 
M MgSO; 2 
ferric iron solution (tartrate or EDTA) 1 
trace solution (B, Mn, Zn, Cu and Mo) 1 


In suboptimal calcium cultures the concentration of Ca(NO3)2 was reduced. 
Regular renewal of culture solution prevented a low nitrate concentration. In sub- 
optimal magnesium cultures, the MgSO, concentration was lowered, and 0.5 M 
K.SO, was used to make up the sulfate level to that of solution 1. Iron deficiency 
cultures were accomplished by reducing or omitting the iron solution. Iron was 
added as ferric tartrate in the 1950 series and as ferric ethylene diamine tetra acetic 
acid thereafter. Most of the experimental details are given in table 1. 


TABLE 1 


Experimental conditions of Tradescantia growing in water cultures and conditions of irradiation of 


inflorescences 
Condition . - Vol. sol. , ses 
a waher cultuee Concentration in = pH X-ray conditions 
Proportional di- | control 7 5.8-6.6 100 Kvp 
lutions of full conc. 7 5.4-7.6 3 ma 
Hoagland’s so-| 1/10 7 4.25-7.6 inherent filtration 
lution 1 (see 1/20 7 4.6-7.6 
text) 
Low and de- control (49 ppm Mg) 7 (a) | 5.5-7.2 (range) 100 Kvp 
ficient mag- 5.5 (adjusted) 3 ma 
nesium 1 ppm Mg 7 (a) | 5.5-6.7 (range) 1 mm Al 
5.5 (adjusted) plus inherent fil- 
no Mg added 40 (c) | 5.5-6.8 tration 
control (49 ppm Mg) 40 (c) | 5.5-7.4 
Low and defi control (1.4 ppm Fe) 7 (a) | 5.5-7.2 (range) 100 Kvp 
cient iron 5.5 (adjusted) 3 ma 
.027 ppm Fe (as tartrate); 7 (a) | 4.8-6.5 (range) inherent filtration 
5.5 (adjusted) 
no Fe added 40 (c) | 5.5-7.6 
control (5 ppm Fe as 40 (c) | 5.5-7.4 
EDTA) 
High manganese | control (0.5 ppm Mn) 7 (a) | 5.5-7.2 (range) 100 Kvp 
(as MnCl.) 5.5 (adjusted) 3 ma 
14.2 ppm Mn 7 (a) | 4.6-6.5 (range) inherent filtration 
5.5 (adjusted) 
Suboptimal control (250 ppm Ca) 90 (c) | 4.7-6.9 250 Kvp 
calcium 6.25 ppm Ca 90 (c) | 5.1-6.8 15 ma 
3.1 ppm Ca 90 (c) | 5.1-6.5 1 mm Al, plus in- 
herent filtration 
(a) Solution changed every 2 weeks. 


(b) 7-liter cultures with four plants per tank (1950-1951), 40-liter cultures with ten plants (1951 
1952) and 90-liter cultures with ten plants (1954). 
(c) Solution changed every 2-3 months. 
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In the 1950 experiments, proportional dilutions (full, one tenth, one twentieth) 
of Hoagland’s solution 1 were used. Four cuttings were put into each tank. Each 
tank contained a seven liter lot of solution. The plant material was irradiated in the 
tenth and eleventh months of cultural maintenance. In the first six months of growth 
of these dilution cultures, the solutions were changed monthly, while for three months 
previous to collection (the seventh through ninth months) no new salts were added. 
Preliminary irradiations to test chromosome sensitivity during the first six months 
showed no differences between cultures; hence, the more drastic treatment was used 
as explained above. 

In the early experiments, a solution of three parts alcohol to one part acetic acid 
was used for fixing the inflorescences. Later specimens (1954) were fixed with NEw- 
COMER’s fixative (NEWCOMER 1953) in parts by volume six isopropyl] alcohol, three 
propionic acid, one petroleum ether, one acetone and one dioxane. It was found that 
after properly destaining propiono-carmine preparations, the new fixative gave less 
cytoplasmic staining and more chromosome-chromatid definition. Because buds and 
anthers became brittle in NEWCOMER’s fixative, the inflorescences were stored and 
dissected in 70 percent alcohol. 

Chi square tests were calculated in a 2 by 7 table by comparing the number of cells 
in columns with no aberrations, one aberration, two aberrations and three or more 
aberrations. If individual expected values in the last category were less than one the 
observed values were added to the column with two aberrations per cell. Degrees of 
freedom were calculated accordingly. The means of each column were used to derive 
individual expected values. Chi square values and degrees of freedom were omitted 
in order to simplify the presentation. 

Catalase activity of the anthers was determined in the following manner. Twenty 
milligrams of fresh anther tissue were homogenized in the presence of levigated 
alumina and 0.5 ml of distilled water. The homogenate was added at zero time to 
0.01 normal H2Oz in diluted McIllvane’s buffer at pH 6.8. The reaction mixture was 
then agitated, and at given intervals 2 ml aliquots were removed and stopped with 
1:4 dilutions of concentrated sulfuric acid. Unreacted H.O2 was determined by titra- 
tion against 0.01 normal CeSOx. 


RESULTS 
Dilutions of Hoagland’s solution 


During the ionic depletion period, a preliminary analysis indicated that the fre- 
quencies of chromatid aberrations and chromosomal aberrations in plants from the 
one tenth dilution were higher than in plants from the one twentieth dilution or full 
strength Hoagland’s. Ionic depletion was attained since no new salts had been added 
for three months. Plants cultured on the one tenth Hoagland’s solution also exhibited 
significantly higher frequencies of X-ray-induced aberrations than did plants from 
regularly maintained solutions or soil. A similar trend was evident in a second irradia- 
tion of material from the same plants. The respective frequencies of dicentrics and 
centric rings and interstitial deletions are shown in table 2. In another comparison 
where chromatid breakage was examined (table 3), chromatid interchanges were 
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TABLE 2 
Frequency of chromosomal aberrations in microspores from two concentrations of Hoagland’s solution 
given 360r at 40r/min and fixed in four days 


Dicentrics centric rings 


nak Sutrasibitin Interstitial deletions 


Treatment Total cells 
No. No. per cell No. No. per cell 
Complete Hoagland’s solution 331 0.455 275 0.378 728 
One tenth dilution of Hoagland’s solu- 397 0.571 323 0.465 695 
tion 
P values by x? test <.01 .02-.01 
TABLE 3 


Frequency of chromatid aberrations in inflorescences grown on different nutritional conditions given 
q ¥ a L Ll g 
90r of X-rays at 49r/min and fixed in 24 hours 


Chromatid inter 


sri Isochromatid Chromatid 
Treatment change Total cells 
No Per cell No Per cell No. Per cell 
Soil + Hoagland’s solution 26 .054 99 .206 109 «237 480 
One tenth dilution 25 105 46 .193 54 .227 238 
P by x? test .02-.01 4-.5 .99 


significantly higher in the anthers of the one tenth dilution than in the control. 
Chromatid and isochromatid frequencies were similar for both treatments studied. 


Magnesium deficiency 


Irradiated anthers collected from low magnesium (1 ppm) or magnesium deficient 
cultures exhibited frequencies of aberrations not consistently different from irra- 
diated anthers of plants grown in control water cultures or soil. In these comparisons 
anthers which were given 90r and fixed 24 hours later were examined for chromatid 
aberrations at first microspore metaphase. Anthers given 360r were fixed three or 
four days later and were scored for chromosome aberrations at the first microspore 
division. A total of 814 cells was observed from the suboptimal or magnesium defi- 
cient plants, while 1571 cells were scored from plants with optimal nutrition from 
water culture or soil. In the plants lacking magnesium, the usual physiological symp- 
toms were seen, the older leaves becoming pale green and necrotic. 

Tron deficiency 

Chromosomes from suboptimal or iron deficient plants were no more sensitive to 
X-rays than the chromosomes from plants grown in water culture with optimal iron 
or in soil. The experimental data for these conclusions are based on three separate 
irradiations of iron deficient material and material grown normally. Both chromatid 
and chromosomal aberrations were scored in a total number of 2816 cells, the com- 
bined number from all experiments and treatments. 


Leaves, buds and pedicels from iron deficient plants exhibited typical iron chlorosis. 
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Hp Op REACTED IN MILLI- EQUIVALANTS 


“ES 


FicurE 1.—The catalase activity (H»O2 reacted) of homogenates from anther tissue is plotted 
against time. The anther homogenates from the low iron cultures show a 20 percent reduction in 
activity as compared with anther homogenates from optimal iron cultures. 


The color of buds ranged from yellow-green to near white, depending on the level of 
iron and the length of time in culture. 

At the same time that a group of anthers was irradiated for examination of chromo- 
somal aberrations, another group of anthers from optimal and low iron cultures was 
tested for catalase activity. The stages of the anthers were determined by microscopic 
examination of one anther out of each six from a single bud. Microspore to binucleate- 
pollen stages were used. The catalase activities of anther homogenates from the 
differently cultured plants are given in figure 1. A 20 percent reduction in catalase 
activity of anther tissue from low iron cultures (.027 ppm Fe*+**) was observed. 
These differences are similar to the values obtained in preliminary tests. The catalase 
activity should have been reduced still lower in anthers from cultures to which no 
iron was added. After irradiation the anthers from suboptimal iron and the anthers 
from iron deficient cultures gave no increase in the frequency of chromosomal aberra- 
tions (dicentrics, centric rings, and interstitial deletions) above normally cultured 
anthers similarly irradiated. 


High manganese 


An examination of small irradiated samples had suggested that less chromatid 
breakage was produced in plants grown on high manganese (14.2 ppm) than in plants 
cultured normally (0.5 ppm Mn). Examination of a larger irradiated sample taken 
from the two cultures showed that the frequencies of chromatid interchanges, chroma- 
tid breaks, and isochromatid breaks in the two treatments were not significantly 
different. A total of 1960 cells was scored in all treatments. 


Suboptimal calcium 


During the first three or four months of culture, plants grown on low concentra- 
tions of calcium exhibited few deficiency symptoms except for reduced root growth. 
The first and most definitive symptoms to appear after this time were failure to set 
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TABLE 4 
Chromosomal aberrations produced in inflorescences grown on two different levels of calcium given 314r 
of X-rays (100r/min) and fixed four days later 


Interstitial 


Di Cunesie Tri Total inter- | Percent deletions Percent Total 
sntrics | rings | centrics changes seal oe cells 
= per cell* crease crease 
No. | per cell 
Suboptimal calcium (3.1 71 31 3 0.512 125 | 0.592 211 
ppm) 23.7 $3.1 
Optimal calcium (250 ppm), 123 55 9 0.414 162 | 0.342 474 
P value by x? test .01-.001 <.001 


* Tricentrics counted as 2 interchanges. 


seed and formation of incomplete flowers. Tradescantia plants in water culture with 
3.12 ppm calcium usually died within six to seven months, while plants grown with 
6.25 ppm calcium survived at least one year. Without addition of calcium to stock 
solutions, neither cuttings nor older plants would grow. The inflorescences used in 
these experiments were collected for irradiation when flower parts first began to 
show deficiency symptoms. 

Two independent experiments showed that the frequency of X-ray-induced chrom- 
osomal aberrations of all types was higher in inflorescences grown on suboptimal 
calcium than in those grown on optimal calcium. In table 4 it is shown that the fre- 
quency of interchanges and interstitial deletions in material from 3.1 ppm calcium 
cultures is higher than in material grown in 250 ppm calcium cultures. In each case 
the higher frequency differs significantly. The proportional increase of interstitial 
deletions is 73.1 percent, while the increase of interchanges is 23.7 percent. This 
differential increase of interstitial deletions over dicentrics and centric rings suggests 
that interstitial deletions are produced at a higher rate. A chi square test suggests 
that this differential increase of one type above another is not quite significant 
(P ~ .01-.05). 

The data presented in table 5 and figure 2 were taken on material from the same 
set of cultures three weeks later. A test of homogeneity on the frequency of inter- 
changes between slides of the same treatment indicated that no significant deviations 
were present. The same was true for all aberrational frequencies in table 4. A com- 
parison of interchange values obtained from X-irradiated inflorescences grown on the 
250 ppm and the 3.1 ppm Ca** cultures was made using a chi square test. A highly 
significant difference between treatments was indicated. (P ~ .01-.001). The 
6.25 ppm Ca** grown material had a higher frequency of interchanges but was not 
significantly different from that grown on 250 ppm Ca** (P ~ 0.1-.05). As expected, 
the soil grown material did not differ significantly (P ~ 0.50.3) from the 250 ppm 
Gar. 


No significant differences in interstitial deletion frequencies between slides within 
treatments were found for the 3.12 ppm Ca** and soil-culture materials (P values 
were .70-.50, 0.9-0.8 and 0.5-0.3, respectively.) However, the same test for interstitial 
deletions in the 6.25 ppm Ca**+ material showed a significant deviation (P ~ .01- 
.001), indicating a lack of homogeneity between slides. No particular trend was 
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evident in the slides which gave the largest chi square values. This would suggest 
experimental or random errors rather than a variable condition produced by Cat* 
concentration differences. Additional support for the latter conclusion was found in 
the observed homogeneity (P ~ .70—.50) between slides within the 3.15 ppm Ca** 


TABLE 5 
Frequency of chromosomal aberrations in inflorescences grown on different levels of calcium and given 
300r of X-rays (100r/minute) 


Di- Cen- Trice Interstitial 
™ He —_ tric ei €N- | Interchanges| Percent deletions Percent Total 
sige rings Sn. per cell increase increase cells 
No. No. Per cell 
3.12 ppm calcium 96 39 3 585 172 712 241 
36.7 52.9 
P value .0i-—.001 < .001 
6.25 ppm calcium 169 94 10 .495 353 .618 $2.3 | 571 
15.6 
P value 0.1-.05 <.001 
250 ppm calcium 170 76 3 .428 272 467 582 
Soil 150 82 8 .397 190 .294 645 
—7.8 —58.8 
P value 0.5-0.3 <.001 


* Tricentrics are counted as two interchanges. 
+ P values are obtained by x? test from comparing individual treatments with the 250 ppm treat- 
ment. The percent difference is found by the same comparison. 
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Figure 2.—The frequencies of chromosomal aberrations produced by X-rays in Tradescantia 
microspores when plants were grown on different concentrations of calcium and in soil. 
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material. In the 6.25 ppm Cat* data, normal distribution was assumed for the x’ 
test between treatments. The frequencies of interstitial deletions in the 3.1 and 
6.25 ppm Ca** grown microspores were significantly higher than the 250 ppm Ca** 
microspores. Inflorescences grown in soil exhibited significantly lower values than 
the 250 ppm Ca++. This series of treatments was in contrast to most cases where 
soil and culture controls have shown similar values for all types of X-ray-induced 
aberrations. 

When the values of suboptimal calcium treatments (tables 4 and 5) were pooled 
and compared with pooled 250 ppm Ca** values, a chi square test showed that the 
proportional increase of interstitial deletions above interchanges differed significantly 
(P < .05). It was apparent that with X-rays interstitial deletions were produced at 
a higher rate in the inflorescences with reduced calcium than were dicentrics and 
centric rings. More extensive data (all unpublished) have confirmed this differential] 
increase showing highly significant differences. 


DISCUSSION 


Data from the dilution experiments presented have indicated that the X-ray sensi- 
tivity of plant chromosomes can be increased by modifications of mineral nutrition. 
The mechanism of this nonspecific effect is by no means apparent. Two observations 
are, however, worth noting. First, a balanced depletion of available ions seems to 
have had little or no effect on the frequency of X-ray-induced chromosomal aberra- 
tions. In fact, the lowest dilution culture (one twentieth of Hoagland’s solution) was 
the least variable. It is of interest that StUBBE and DOrING (1938) found that starva- 
tion conditions did not increase the spontaneous mutation rate in Antirrhinum. 
When they studied specific anions, only a phosphorus deficiency gave an increased 
frequency of X-ray-induced mutations. Secondly, the pH of the one tenth dilution 
culture was the most acidic (pH at 4.3) of the treatments. A particular imbalance 
of one or more elements might best explain the pH change and the higher X-ray 
sensitivity in this dilution culture. It is known, for example, that the absorption of 
calcium is inhibited at pH 4.3 and is almost entirely suppressed at pH 4.0 according 
to HOAGLAND (1948). 

This study of X-ray-induced chromosomal aberrations in Tradescantia plants from 
specific mineral deficiency cultures gave both positive and negative results. Mag- 
nesium deficient plants which were X-irradiated exhibited no consistent increase in 
the frequency of chromosome breaks over the control culture plants similarly irra- 
diated. In contrast, the “spontaneous” rate of appearance of chromosomal aberra- 
tions was raised by a magnesium deficiency as previously shown by STEFFENSEN 
(1953, 1955b). Apparently chromosomes from plants grown in suboptimal magnesium 
cultures were not “‘sensitized”’ to X-rays. 

A striking increase in the frequency of X-ray-induced chromosomal aberrations 
was observed in plants cultured on suboptimal Ca**. The differential increase of 
particular types of aberrations should be considered. Interstitial deletions have been 
described as small paired dots of chromatin, presumably rings, averaging about one 
micron in size, according to Rick (1940). In suboptimal calcium, these interstitial 
deletions were increased at a higher rate than were dicentrics and centric rings. The 
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increase was found to be significant by a chi square test. Recent findings from micro- 
spores of low calcium cultures (STEFFENSEN 1956) indicated that interstitial deletions 
could be produced at nearly double the rate, while the increased frequency of inter- 
changes was similar to the value reported here. In studies concerning the role of 
oxygen in X-irradiated Tradescantia, GiLes and RiLey (1949) found that dicentrics 
and centric rings and interstitial deletions increased with dose at essentially the same 
rate. The higher rate of production of interstitial deletions with X-rays in low calcium 
inflorescences may have special significance. 

With respect to the behavior of the chromosome breaks produced by X-rays, three 
points should be made: (1) more breaks were observed in calcium deficient material 
than in control material; (2) interstitial deletions were produced at a higher rate 
than was expected; (3) independent breaks were able to form interchanges at a higher 
rate in plants grown on suboptimal Ca**, indicating that movement of broken-chro- 
mosome ends was not hindered. 

If we consider the effect of a calcium deficiency in physiological and physical- 
chemical terms, at least two explanations seem tenable. The first concerns the evi- 
dence amassed by HEILBRUNN (1943) on the role of calcium in the viscosity of 
protoplasm. When calcium concentration was low, cytoplasm was less viscous. In con- 
nection with the viscosity idea (as discussed by HEILBRUNN) it could be supposed that 
less restitution of breakage-ends to the original state might occur in nucleoplasm 
with reduced viscosity because the chromosomes could move more freely. The 
breakage-ends might thereby form aberrations at a higher rate. The higher produc- 
tion of interstitial deletions by X-rays could not be explained by the viscosity hypoth- 
esis nor could the high “spontaneous” rate of breakage (STEFFENSEN 1955a). The 
viscosity hypothesis has merit and should not be excluded, but it is less satisfactory 
in accounting for the many variables than the hypothesis discussed below. 

The chromosome has been proposed to be, in part, a giant chelate polymer, an 
aggregation of macromolecules bound by divalent cations (STEFFENSEN 1955b). 
This hypothesis, given further treatment here, was based primarily on the following 
considerations: (1) Calcium and magnesium have been demonstrated to be associated 
with nucleoprotein and chromosomes (see STEFFENSEN 1953, 1955a for early refer- 
ences). A sensitive chemical test of HoLoway and BERGOLD (1955) determined that 
magnesium was present in an insect virus. Frick (1956) demonstrated a requirement 
of magnesium or calcium for stabilization of desoxyribonucleoprotein. (2) Calcium 
deficient Tradescantia exhibited a high frequency of ‘‘spontaneous” chromosomal 
aberrations (STEFFENSEN 1955a), and X-ray-induced breaks were increased by a 
calcium deficiency as presented here. (3) BERNSTEIN and Mazta (1952 a, b) have 
suggested that the chromosome may be particulate, and Maz1a (1954) has postulated 
that metal ions, like calcium or magnesium, hold the particles of chromosomes 
together. (4) It was established before the beginning of this century that calcium 
and phosphate could form fairly stable, long chain polymers or aggregation polymers 
(VAN WazeER 1950; VAN WaZER and CALLis, in press). (5) The sugar to phosphate 
bonds along the DNA chains were quite resistant to irradiation according to BAacg 
and ALEXANDER (1955), and CAVALIERI ef al. (1955). Breakage within bundles of 
DNA molecules with their attached protein should be extremely difficult; hence, 
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chromosome breaks should be produced primarily be/ween macromolecule species. 
(6) Some recent experiments on crossing over may be applicable to the argument. 
LEVINE (1955) and STEFFENSEN, ANDERSON and KAsE (1956) have found that cross- 
ing over in the X chromosome of Drosophila can be increased by the chelating com- 
pound ethylene diamine tetraacetic acid (EDTA or Versene). This compound will 
bind calcium and other metals to a degree more or less proportional to their electro- 
negativity. EvERSOLE and Tatum (1956) also used EDTA to produce striking in- 
creases in crossing over in Chlamydomonas. With Drosophila again, LEVINE (1955) 
found that calcium added to food would reduce the frequency of crossing over. 

The average molecular weight of DNA has been estimated to be around six million 
(FLUKE, Drew and Po.Liarp 1952; Brown, M’EWEN and Pratt 1955; THomaAs 
and Dory 1956). Moreover, within a cell DNA was demonstrated to be hetero- 
geneous both as to base ratios and to molecular weights as discussed by CHARGAFF 
(1955) and Marmur and FLUuKE (1955), respectively. This heterogeneity concept 
leads to the idea that DNA molecules might have individuality and belong to differ- 
ent molecular ‘“‘species” as denoted by ALLFREY, Mirsky and STERN (1955) and to 
the considerations which follow. 

If the chromosome can be assumed to be an aggregate macromolecule of DNA and 
protein, the problem arises as to how such macromolecules could be bound together. 
Numerous configurations might be taken, but recent X-ray diffraction and electron 
microscope studies narrow down the number of possibilities. The chromosome model 
in figure 3 is a simple and reasonable fit to the current physical evidence. This hypo- 
thetical model considers only a small section. A discussion on the binding of protein 
to DNA follows later. 

The Watson-Crick model of DNA, a double-chained complementary structure, 
(Crick and Watson 1954) and the corrected DNA model of FEUGHELMAN ef al. 
(1955) places phosphate groups and sugar groups at each end of the molecule. These 
phosphate end groups, are the proposed points of attachment of calcium between 
DNA “‘species’’. The two acid groups of the phosphate should be ionized at the pH of 
the nucleus (pH 6.8-6.9 according to HEILBRUNN 1943) because the pK values of 
phosphate esters are 1 and 6 to 6.5 (JORDAN 1955). 

The diester phosphate groups within each DNA chain would have only single 
negative charges. A bundle of two or more adjacent DNA “‘species’”’, which should 
be exactly the same length as a result of template reproduction, could then be bound 
laterally at their point of contact by negative charges through a metal link. The 
macromolecules would thereby be aligned in exact juxtaposition. An analogous ex- 
ample of this kind of binding has been proposed by STERN and STEINBERG (1953) 
wherein rare earths form complexes between DNA molecules. Precise alignment has 
been shown to occur in the sodium salt of DNA as determined by the X-ray patterns 
of FEUGHELMAN ef al. (1955). Another very important observation of FEUGHELMAN 
el al. was the orientation of the macromolecules in a different plane. Both DNA and 
protamine molecules were seen to aggregate in a hexagonal pattern in nucleoprotein. 
Such a hexagonal state might well be the condition of DNA and its attached protein 
in vivo. 


At the microscopic level, the half chromatid evidence of NEBEL (1939), CROUSE 
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(1953), LACour and RuTISHAUSER (1954), and Sax and KiNG (1955) would indicate 
that the chromosome has at least four strands. Actually there are probably multiple 
numbers (8, 16 or 32) of strands at the subchromatid level. Ris (1955) has done elec- 
tron microscopy of chromosomes from a number of different organisms including 
Tradescantia. In Tradescantia eight subchromatid strands were seen, the widths of 
the smallest filaments being 500-600 A at prophase and 250 A at interphase. This 
250 A width was the same found by BerNnsTern and Mazta (1953b) for their chemi- 
cally isolated desoxyribonucleoprotein particles. The number of calcium atoms bound 
to DNA end groups at any one cross section of the chromosome should be the number 
of filaments or subchromatid strands multiplied by the number of DNA molecules 
in a strand. 

The hypothetical model proposed here should not interfere with binding of DNA 
to basic protein as considered by BUTLER (1955). In his picture of the chromosome, 
histone held DNA molecules together by “‘salt-like”’ bonds. He has stated that these 
bonds might be the weak points of breakage which would be true for the metal bound 
sites proposed here. FEUGHELMAN ef al. (1955) have suggested that protein might be 
bound to DNA diester phosphate groups through the amino groups of arginine side 
chains. The protein as a single strand would follow the spiral of DNA. Protein could 
form a “splint”? between DNA molecular species. AMBROSE and GOoPpAL-AYENGAR 
(1953) have proposed that hydrogen bonds are the longitudinal cohesive forces within 
the chromosome. According to their scheme it would be necessary to connect phos- 
phate to phosphate or phosphate to deoxyribose sugar. In such end-group linkages, 
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metal bonds would seem more feasible because of the negative charges of the phos- 
phates. In their treatment of the lateral dimension of the chromosome, AMBROSE and 
GopaL-AYENGAR suggested that the forces of cohesion were electrostatic in nature 
which would be compatible with the hypothesis offered here. 

Compounds which react with or esterify phosphate groups would be expected to 
greatly effect chromosome stability. ELMORE, GULLAND, JORDAN and TayLor (1948), 
and ALEXANDER (1954) found that nitrogen mustard esterified phosphate groups of 
DNA. Esterification might be predicted as the principal reaction responsible for the 
chromosome breaking properties of mustards. Terminal or diester phosphates could 
not form proper secondary bonds if tied up by mustard derivatives. Such alterations 
of DNA might give rise to a chromosome break immediately or in later cell divisions. 

Assuming that the model of the chromosome (fig. 3) is a close approximation, it 
might be predicted that chromosome breaks, whether spontaneous or X-ray-induced, 
would occur at the links between DNA molecular species. In addition crossover 
exchanges in chromosomes of higher organisms should occur at these contact points 
between macromolecules. Chelate bonds formed by metals between DNA ‘‘species” 
and “‘salt-like’’ bonds occurring between protein and DNA have relatively low 
energy when compared to covalent bonds. The former bonds would be stable under 
typical conditions in the nucleus but would become unstable in the presence of high 
energy or certain metabolic regulators. For example specific chemical control of 
chromosome behavior by the cytoplasm might occur through temporary changes in 
hydrogen ion, phospha te, or citrate concentrations. 

At this time it can be said with some degree of certainty that electrostatic or 
secondary bonds occur between the macromolecules in the chromosome. Future 
experiments must decide whether they are chelate or metal complex-type bonds, 
hydrogen bonds, or ‘‘salt-like’” bonds and their relative importance. Some of the 
predictions indicated by the hypothetical model have been fulfilled although much 
of the evidence is circumstantial and proof by direct experiment is lacking. The 
model, whether correct or not, is useful because as a precise hypothesis it can be 
tested either by genetic or physical-chemical studies. 


SUMMARY 


Microspores of Tradescantia plants grown on proportional dilutions of Hoagland’s 
solution were irradiated with X-rays. Results indicated that an ionic depletion had 
increased the chromosome sensitivity of the plants and that some particular ionic 
imbalance might be responsible for the effect. Specific cation imbalances were then 
tested for their effects on microspore sensitivity. Chromosome aberrations induced 
by irradiation were not increased over control values in cultures under conditions of 
excess manganese, deficient iron, or deficient magnesium concentrations. Only those 
plants grown on suboptimal calcium showed a significant increase in the occurrence 
of interchanges and interstitial deletions. It was observed that the rate of increase 
of interstitial deletions in this material was greater than the rate of increase of inter- 
changes. 


The above observations on the effect of a calcium deficiency are compatible with 
a general hypothesis that calcium is required for stability of the chromosome. A 
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hypothetical model is discussed, which proposes that calcium forms chelate bonds 
with phosphate end-groups between different DNA “species” along the chromosome. 
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OUR genetic schemes have been proposed to account for previous observations on 

self- and cross-incompatibility in Brassica oleracea: (1) oppositional S alleles at 
one locus, with the pollen behavior determined gametophytically by the genotype of 
the pollen itself (ODLAND and Nott 1950); (2) system (1) modified by sympathetic T 
alleles at a second locus to account for instances of self-compatibility (KAKIzAKI 
1930); (3) system (1) modified by what we interpret to be a polygenic system (ATTIA 
and MuNnGER 1950); and (4) a system with oppositional alleles at two loci, with 
gametophytic control of pollen behavior (SEARS 1937; MizusHm™maA and Katsvo 
1953). 

BATEMAN (1954, 1955) showed that two members of the Cruciferae, /beris amara 
and Brassica campestris, have a sporophytic incompatibility system whereby pollen 
behavior is determined by the genotype of the pollen parent. BATEMAN suggested 
a similar system for Brassica oleracea and the present study using ‘Calabrese Green 
Sprouting’ broccoli shows this view to be correct. 


PARENT PLANTS 


Five flowering broccoli plants were moved from the field to an insect free green- 
house maintained at temperatures above 65°F. Compatibility relationships were 
determined during the winter of 1954-55 when the plants were six to nine months 
from seed. At first, at least 30 fresh flowers of each plant were selfed with fresh pollen. 
After about three weeks it was evident from the presence or absence of silique 
development that plant 1 was self-compatible and the others were self-incompatible. 
The five plants were then crossed to each other in all combinations. Emasculation 
was used only when plant 1 was the female, and for each cross except one over 20 
flowers were pollinated. 

The results varied considerably from plant to plant but there was no difficulty in 
deciding whether or not a cross was compatible. Incompatible pollinations resulted 
in the development of fewer siliques and fewer seeds per silique than compatible 
pollinations. Thus the average number of seeds per flower pollinated provided a good 
index of compatibility. This value is referred to as the ‘‘compatibility index”. 

Self-compatible plant 1 had a compatibility index of 4.0 when selfed, compared to 
4.4 when crossed. Self-incompatible plants 2, 3, 4 and 6 had compatibility indexes of 
0.0, 0.03, 0.28 and 0.01 respectively when selfed, compared to 6.7, 11.9, 13.8 and 9.2 
in compatible crosses. 

In crosses, plants 1 and 2 were compatible with each other and with the three other 
plants in both directions. The relationships among plants 3, 4 and 6 were the most 
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interesting. Plants 3 and 4 were mutually compatible in both directions with a com- 
patibility index of 12.2 when 3 was female, and 15.0 when 4 was female. Plants 4 and 
6 were mutually incompatible with an index of 0.38 when 4 was female and 0.5 when 
6 was female. However, the cross 6 X 3 was compatible, with an index of 10.7, while 
the reciprocal was incompatible with an index of 0.22. 

For all crosses and selfings, samples of stigmas were collected 24 hours after 
pollination. These were fixed in alcohol-acetic, squashed in a drop of aceto-carmine 
and examined microscopically (SEARS, 1937). After compatible pollinations unstained 
pollen grains with tubes leading from them were abundant. After incompatible 
pollinations emptied grains were rare; most grains either did not germinate or pro- 
duced very short tubes and consequently stained deeply. The results of the stigma 
squash method agreed exactly with the seed set data. This proved the reliability of 
the method for determining compatibility. 


PROGENY FAMILIES 


The compatibility relationships among parent plants 3, 4 and 6 immediately ruled 
out a simple gametophytic incompatibility system with alleles at one locus because, 
since plants + and 6 were cross-incompatible, they should have the same genotype, 
but their reactions toward plant 3 showed this was not so. Neither could KAKIzAKI’s 
T alleles explain the discrepancy, for plants 3, 4 and 6 were self-incompatible. On the 
other hand, similar situations have been found in plants with a sporophytic incom- 
patibility system. 

With a sporophytic system and alleles at one locus, the maximum number of S 
alleles present in plants 3, 4 and 6 should be four, because the allele common to 3 and 
6 is not the allele common to 4 and 6. It was further predicted that the ten genotypes 
possible with these four alleles should be recovered from the progeny families 3 X 3, 
4 X 4and 3 X 4, while the genotype of 6 should be found in family 3 & 4. Accord- 
ingly, these three families were analyzed. In addition, families 4 X 1 and 1 X 1 were 
analyzed to study the mode of inheritance of self-compatibility from parent 1. Self- 
compatibility is widespread in broccoli (ANSTEY 1954). 

The progeny plants were studied during the fall and winter of 1955 in an insect 
free greenhouse maintained at temperatures above 50°F. Cuttings of the parent 
plants 1, 2, 3, 4 and 6 grown under these conditions had compatibility indexes of 
8.16, 0.35, 0.73, 0.83 and 0.00 respectively when selfed. The cross 6 X 3 had an index 
of 16.1. At least twenty flowers were used in each of these pollinations. Thus the 
cooler conditions seemed to favor higher seed set than was obtained the previous 
season. 

These compatibility indexes were calculated from ripe seeds, two to three months 
after pollination. Counts can be obtained on immature seeds one month after pollina- 
tions but they usually give higher indexes because of ovule abortion as the silique 
matures. However, analysis of the progeny families required a rapid means for deter- 
mining compatibility relationships, and this was provided by the stigma squash 
method. Four flowers were used in each pollination, and the four stigmas 


were squashed on one slide. If ten or fewer compatible grains were found on a slide, 
the pollination was scored (—); if from 11 to 50, the results were noted (+); if over 
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50, (+). A compatible pollination could usually be recognized at a glance. All plants 
were first selfed. Emasculation was practised in subsequent crosses only if the female 
was self-compatible. 

The results of the compatibility determinations are recorded on the accompanying 
checkerboard diagrams. Females are entered at the top of a diagram, males to the 
side. The second column and row indicates the plant number. 437, for example, 
refers to plant 7 from the cross 4 X 3. Parental plants are designated as, for instance, 
No. 4 instead of 4, except in figure 2B. Except in figure 3, the first column and row 
of a diagram contain the allele subscripts of the S genotype proposed for an individual 
or class. Active alleles are denoted by a dot superscript, recessive alleles by paren- 
thesis, and incomplete recessiveness by a dot and parenthesis. 


Family 3 X 3 


This family of ten plants was produced by selfing parent 3 by bud-pollination 
(PEARSON 1929; Sears 1937). All plants proved to be self-incompatible by the stigma 
squash method. The compatibility indexes, based on counts of immature seeds one 
month after selfing at least ten flowers on each plant, were 0.6, 0.4, 0.0, 2.6, 0.5, 0.4, 
0.1, 0.9, 3.8 and 0.7 for plants 331 to 3310 respectively. In inter-sib crosses plants 331 
and 332 were mutually compatible and their pollen conveniently divided the family 
into three groups (fig. 1A). In all, 90 of the possible 100 sib matings were completed 
with no further division of the three groups. 

The compatibility pattern of this family is exactly as expected from selfing a 
heterozygote with a single locus, sporophytic, incompatibility system. Both alleles 
of the heterozygote were active in pollen and stigma. Accordingly parent 3 was 
assigned the genotype S2S;. The genotypes S2S2, S2S3 and S;S; occurred in family 
3 X 3 in the ratio 2:4:4. This interpretation was confirmed by the identical behavior 
of 335 and parent 3 in interfamily combinations (fig. 2B). 

The results of family 3 X 3 not only rule out a simple gametophytic incompatibility 
system with alleles at one locus but also such a system with two loci (the hypothesis 
of Sears 1937; and of Mizusuima and Katsuo 1953) is denied by the following con- 
siderations. A plant with the genotype 4;A2B,Bz will produce the four sorts of pollen, 
(A,B,), (Ai Be), (A2B,) and (A2Bz2), so that its progeny by selfing will contain nine 
genotypes. Can any three of these genotypes behave like the classes of 3 X 3? First, 
the four genotypes A,4A1B,B,, A,A,B2B2, A2d2B,B, and A2A2B2By are ruled out 
because, unlike the classes of 3 X 3, they can accept pollen from the parent. The next 
task is to find two mutually compatible classes among the remaining five genotypes 
and this of course is impossible since all the pollen genotypes from these plants were 
also produced by the parent, and proved to be incompatible. Simpler parental geno- 
types homozygous at one or the other locus are more readily eliminated. 


Family 4 X 3 


All ten plants of this family were self-incompatible when tested soon after they 
began to flower. The pollen of parent 4 divided the family into two groups; the pollen 
of 431 split both of these and the result was four groups. All plants were then tested 
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Figure 1.—A. Sib compatibility relationships in family 3 X 3. B. Sib compatibility relationships 
in family 4 X 3 and the reaction of pollen of parent 4 toward this family. C. Sib compatibility rela 
tionships in family 4 X 4 and the reaction of pollen of 412 and plant 6 toward this family. D. Sib 
compatibility relationships in family 4 X 1 and the reaction of pollen and stigmas of parent 4 toward 
this family 


by pollen of a member from each of the other three groups. No new divisions appeared 
(fig. 1B). 

The reactions of the four groups were arranged to form a compatible diagonal 
(BATEMAN 1954) from which it was deduced that the classes of 437 and 434, which 
rejected the pollen of parent 4, had a common allele (.S;) from parent 4. It followed 
that classes of 431 and 433 must have the second allele (S;) from parent 4. Similarly, 
when the pollen of 437 was used on the classes of family 3 X 3, (fig. 2B) it was found 
to have So. It followed that class 431 must also have S» while the classes of 434 and 
433 must have S;. Having established the class genotypes, it was evident from the 
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Figure 2.—A. Interfamily combinations involving representative plants of the genotypes S,S;, 
S,S, and S;S,. B. Interfamily combinations involving cuttings of the original plants, and representa 
tive progeny plants. The highest activity of genotype S)S; is shown. 
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FicurE 3.—Summary and interpretation of the incompatibility relationships in SEARs’ (1937) 
broccoli families 1-3 and 3-1. 
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compatibility pattern that S$), S. and S; were active in the pollen and stigmas wher- 
ever present while S, was somewhere recessive. 


An anomaly 


From the compatibility relationships of parents 3, + and 6, it was predicted that 
family + X 3 should contain the genotype of parent 6. The interpretation of family 
3 X 3 assigned the genotype S2S; to parent 3 and, since 3 and 6 were incompatible, 
it followed that parent 6 had S2 or S;. Furthermore in family 3 X 3 both alleles of 
parent 3 were shown to be active in pollen and stigma so the reciprocal difference in 
compatibility between parents 3 and 6 must have been due to the common allele 
being active in the pollen of 6 but recessive in the stigma. It is evident that the postu- 
lated phenotype of parent 6 was not realized in family 4 X 3 where S2 and S; were 
active wherever found. 

This unexpected result required re-examination of the genotype of parent 6 by 
further experiment. Accordingly, male and female testers for S;, S: and S; from 
families 3 X 3 and 4 X 3 were crossed with parent 6 (fig. 2B) and thus it was proved 
that parent 6 had the genotype S,S;. Since this genotype was represented in family 
4 X 3 our prediction had indeed been realized! However, and much to our astonish- 
ment, plants 3 and 6, and also 335 (same genotype as 3) and 6, were now mutually 
incompatible in both directions. Other testers confirmed the activity of S; in both 
pollen and stigma of plant 6. Since, eight months previously, 3 and 6 were incom- 
patible in one direction only, the only conclusion was that the compatibility relation- 
ship between the two plants had changed. The present and earlier pollinations were 
both extensive enough to rule out experimental error as the source of the discrepancy. 

The cause of the change in compatibility relationships between plants 3 and 6 
remains unknown. At first temperature was suspected since the present experiments 
were made under temperatures ten to twenty degrees lower than when the original 
crosses were made. Accordingly, two weeks after the change was discovered, the one 
plant of 6 and one of the two cuttings of 3 (designated 3B) were transferred to a 
greenhouse kept above 70°F. The other cutting of 3 (that is, 3A), the one used in first 
detecting the change, was left in the house kept above 50°F. Two days later the cross 
6 X 3B was made at 88°F and proved to be compatible. The same cross was repeated 
next day at 81°F and was again compatible. In addition, 6 X 3A was also compatible, 
the pollen of 3A coming from 68°F just before pollination. Apparently the increased 
temperature returned the compatibility relationship to its first observed state. 
Plant 6 was then returned to the cool house. However, we decided to check the other 
plants with the same genotype as 6. Therefore on the following day, 6, 436 and 434 
were pollinated by 3A at a temperature of 60°F. The first two were compatible while 
the last was incompatible. Thus the activity of S; in the pollen of 436 had changed 
while the plant remained in a cool house. Temperature as the immediate cause of the 
change was thus ruled out. 

Deficiencies of soil nutrients were then suspected of causing the changes in com- 
patibility relationships. The parent plants were first tested after having been grown 
in the same soil for several months. Also the cuttings showed chlorotic hunger symp- 
toms when tested. Accordingly, cuttings of plants 3 and 6 were prepared. Plants of 
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each were grown in sand and fed with Hewirt’s (1952, p. 189) standard complete 
nutrient solution to which sodium nitrate had been added. Control plants were raised 
on ordinary potting soil. Plant 6, in soil, had a compatibility index of 15.1 when 
pollinated by 3 grown in soil, and 18.8 when pollinated by 3 grown in sand. Similarly, 
plant 6, in sand with complete medium, had an index of 11.4 when pollinated by 
3 grown in soil, and 12.9 when pollinated by 3 grown in sand. Thus, all crosses were 
compatible. Therefore the inactivity of S; in the stigmas of plant 6 cannot be at- 
tributed to deficiencies of the elements in the nutrient solution. The causal factor 
remains unknown. 
Family 4 X 4 


Since analysis of family + X 3 assigned the genotype S15, to parent 4, three geno- 
types were expected in family 4 X 4, the product of bud pollination. Since plants 
4 and 6 had S; in common, the pollen of 6 was used to divide the ten plants of 4 X 4 
into two groups, all plants being self-incompatible. Two plants, 443 and 447, were 
compatible with 6 and were given the genotype S454. The larger group was then tested 
with the pollen of 443, two crosses (S;S;) being compatible and six (.$,S4) incom- 
patible or partially incompatible. In all, 60 sib crosses were made, with several devia- 
tions from the clear-cut results hitherto encountered (fig. 1C). 

The results indicate that S; was active in pollen and stigma of S$;S;, but that Sy 
was completely recessive in the pollen and partially recessive in the stigma. The 
potency of S; in the stigma SS; appears to be almost reduced to the threshold of 
activity. The variable results are perhaps due to minor modifying genes which swing 
the activity of S; from one side of the threshold to the other. The success of 51S; X 
SS, crosses appears to depend on modifiers in both pollen and stigma. Since the 
detection of S; in the heterozygote is uncertain, the assignment of genotype 5,5; 
may be questioned. Therefore, no important deductions have been based on genotype 
SiS. 

Family 4 X 1 

The type of incompatibility system operating in broccoli was established by anal- 
yses of families 3 X 3, 4 X 3 and 4 X 4. Families 4 X 1 and 1 X 1, on the other 
hand, were investigated to learn how the absence of incompatibility in parent 1 was 
inherited. 

Family 4 X 1 contained ten plants all of which were self-incompatible when they 
first came into bloom. Analysis of the family into its component classes proved 
difficult. The pollen of parent 4+ was used to establish two groups (fig. 1D), but the 
reciprocal behavior of one group toward the stigmas of 4 was variable. Seventy-three 
sib combinations were made before it was realized that the compatibility pattern of 
family 4 X 1 was the same as 4+ X 4, both having the genotypes $}5;, S,S; and 5,54. 
This could only mean parents 4 and 1 had the same S genotype. It followed that the 
self-compatibility of parent 1 was not due to alleles at the S locus. 


Family 1 X 1 


This family, produced by ordinary selfing of self-compatible parent 1, contained 
13 plants. The first, 111, developed many siliques upon isolation, so presumably was 
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self-compatible. The compatibility indexes after selfing at least ten flowers on each 
plant, for plants 112 to 1113 were 2.3, 16.1, 21.7, 0.7, 14.2, 9.8, 14.3, 12.6, 7.9, 13.4, 
0.1 and 19.9 respectively. Seed counts were made four weeks after pollination. Thus 
only three plants, 112, 115, and 1112, can be considered self-incompatible. These 
pollinations were made about six weeks after the plants began to flower, a point 
which needs consideration. 

Stout (1922) reported that individuals of B. chinensis which at first were self- 
incompatible, became self-compatible during the middle part of the flowering season, 
but changed back to self-incompatibility at the end of the season. In most of our 
material the presence or absence of self-compatibility was determined only when 
the plants first began to flower. However, two plants, 433 and 414, which were self- 
incompatible at first, proved to be self-compatible when tested seven weeks later. 
(These two plants did not revert to self-incompatibility, and we suspect Stout’s end 
of season “‘self-incompatibility” was sterility due to the plants being exhausted by 
too many developing siliques.) Thus the strength of self-incompatibility waned in 
some of our plants and it is possible that the self-compatibility of parent 1 and some 
members of family 1 X 1 is of this nature. 

Analysis of family + X 1 indicated that parent 1 had the genotype S154, the same 
as parent 4. Accordingly, the pollen of 4 was used to divide the self-incompatible 
members of 1 X 1 into two groups. The pollen of 4 was incompatible on 112 and 
115 but highly compatible on 1112. Thus 1112 likely had genotype S;S; as confirmed 
by six incompatible crosses between 1112 and other S;S, plants (fig. 2A). The recip- 
rocal crosses, using the pollen of 112, 115 and 1112 on 4, were incompatible. Intersib 
combinations (fig. 2A) showed the pollen of 1112 to be incompatible on 112 and 115 
which indicated these two had the genotype S15. (The viability of 1112 pollen was 
checked on the stigmas of 331 (S252) where it was highly compatible.) These results 
amply confirm the conclusion that parent 1 possessed S; and S; and therefore the 
self-compatibility of parent 1 was not due to an allele at the S locus. 

It is of interest that some S allele activity could be detected in self-compatible 
plants by the stigma squash method. Indeed, compatible selfings never resulted in 
so many emptied pollen grains as, for example, a cross between plants with no com- 
mon S alleles. In addition, parent 1 and six self-compatible plants of 1 X 1 were 
tested for S; and S; in pollen and stigma. In plants 111, 117 and 119 no activity of 
either allele was detected. In plants 1, 114, 116 and 1110 there was no indication of 
S; activity but S; appeared to be slightly active in both pollen and stigma. It would 
seem that the factors responsible for self-compatibility had a greater effect upon the 
activity of S; than 5, although the latter was sufficiently weakened to confer self- 
compatibility. It is noteworthy however, that parent 1 was the only plant of known 
genotype S)S; to show any trace of S, activity in the pollen. 


Interfamily combinations 
Analysis of incompatibility in five families of broccoli revealed only four incom- 
patibility alleles among the four parents 1, 3, 4 and 6. This represents a remarkably 
high concentration of S alleles but may be due to sampling rather than to any in- 
trinsic feature of broccoli population structure. 
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Parents 1 and 4 had the same S genotype; therefore families 4 & 4, 4 X 1 and 
1 X 1 segregated into the same classes. Results from interfamily crosses involving 
these three families are given in figure 2A. All crosses between plants with S; were 
incompatible as were all crosses between plants with genotype SS, except for one 
cross of the latter type which was slightly compatible. Pollen of S,S; plants was 
always fully compatible on S;S; stigmas which indicated S; to be completely re- 
cessive in SS, pollen, but in reciprocal crosses slight activity of S; in the stigmata 
of S\S; was detected. However the stigmatic activity of S; in S,S, was as erratic 
and unpredictable as it had been in intrafamily crosses. 

Further interfamily combinations involving the ten genotypes possible with the 
four S alleles are given in figure 2B. The behavior of each genotype was exactly as 
expected thus proving the correctness of the genotype assignments. In addition, the 
uniqueness of each of the four alleles is obvious. It will be noticed that plant 2 was 
tested for each of the four alleles and found wanting. Thus five is the minimum num- 
ber of S alleles studied. 

DISCUSSION 

The present findings indicate that broccoli has a sporophytic incompatibility sys- 
tem controlled by S alleles at one locus. Gene interaction in heterozygotes involving 
the four fully analyzed alleles was such that S;, Ss, and S; acted independently of 
each other in pollen and stigmas. On the other hand, S; was recessive in the pollen 
and greatly weakened in the stigma. These features are expected in sporophytic 
systems. 

Several modifications of normal S allele activity were encountered. Some self- 
incompatible plants became self-compatible with age, a feature which has long been 
known but is inadequately understood. In other plants, the activity of one S allele 
fluctuated while the other allele remained active so that self-incompatibility was 
retained. This demonstrated the biochemical independence of the activities of S; 
and §;. Similarly, the forces responsible for the self-compatibility of parent 1 re- 
duced the activity of S; more than the recessive S,. This indicated the independence 
of the events which conferred self-compatibility from those governing the dominance 
of S; over Sy. Probably other deviations from regularity remain to be discovered in 
Brassica incompatibility systems. 

Against the evidence for a variously modified sporophytic incompatibility system 
in B. oleracea, we must weigh the proposals of other workers for gametophytic sys- 
tems. First, the work of KaxizAxr (1930), especially his Family 11 of “Toyodawase’ 
cabbage provides clear-cut, although limited, evidence for a gametophytic system. 
This is irreconcilable with our findings unless contamination be invoked. However, 
the data obtained by most workers (ODLAND and Nouv 1950; Attia and MUNGER 
1950; Mizusumma and Kartsvuo, 1953) can be equally well explained by a sporophytic 
system 

Sears’ (1937) work on broccoli merits special consideration on account of the 
complexity of the data. At least six compatibility classes can be recognized in SEARS’ 
table 3. Designating these classes by letters, the first twelve plants, from left to right, 
comprise class A. Class B contains only the thirteenth plant; Class C the next three 
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plants; Class D the next two; Class E the next two, and the last three plants belong 
to the ambiguous Class F. Thus, family 1-3 and its reciprocal 3-1 contain five self- 
incompatible classes. SEARS proposed two loci of oppositional alleles to explain this. 
However, if the class reactions are summarized on a checkerboard diagram as in 
figure 3, classes A, B, E and D form a compatible diagonal. By using the method 
of BATEMAN (1954), the genotypes S154, SiS3, SoS; and SS; may be assigned classes 
A, B, E and D respectively. The compatibility relationships in families 1-3 and 3-1 
suggest a linear dominance sequence, S; = S; > S2 = or >.S;4, for the pollen, and 
S; = S. = S; for the stigma. (However, if family 1-1 contains S,S2 plants, then 
S, > Se in the stigma.) The fifth class, C, can be interchanged for B or D without 
destroying the compatible diagonal (fig. 3). However, as Class C shows less cross- 
incompatibility than B or D, we regard it as exceptional and due to some modifica- 
tion which inactivated either S; or S. while S; remained active in the pollen and 
stigma. This change is perhaps similar to that observed in parent 6 of our material. 
Indeed, SEARS noted changes in the cross-compatibility relationships of some of his 
broccoli plants when they were moved from the greenhouse to the garden. These 
plants, however, belonged to a different series than those of his table 3. Nevertheless, 
the occurrence of such changes supports the above interpretation of Sears’ data. 
If this interpretation is correct, SEARS’ data confirm the findings of the present 
study. 


SUMMARY 


Self- and cross-incompatibility in ‘Calabrese Green Sprouting’ broccoli (Brassica 
oleracea var. italica) was found to be controlled by multiple oppositional alleles at 
one locus. The pollen reaction is sporophytically determined. Four S alleles were 
analyzed in all combinations. Three alleles act independently of each other in hetero- 
zygotes; the fourth is recessive to the others in the pollen and incompletely recessive 
in the stigma. The incomplete recessiveness of S; in the stigma appeared to be con- 
ditioned by modifiers. 

Inactivation of S allele activity occurred with time in some plants. Progeny studies 
showed the self-compatibility of another plant was not due to alleles at the S locus. 
A third type of inactivation invoived only one S allele of a heterozygote so that the 
plant remained self-incompatible. 


ACKNOWLEDGMENTS 


The author wishes to acknowledge his indebtedness to PROFESSOR KARL Sax, 
under whose guidance this work was carried out. Financial assistance from the 
Bussey Institution of Harvard University is also gratefully acknowledged. Green- 
house facilities provided by the Canada Department of Agriculture enabled this 
work to be completed. 


LITERATURE CITED 
Anstey, T. H., 1954  Self-incompatibility in green sprouting broccoli. Can. J. Agr. Sci. 34: 59-64, 


ArtiA, M. S., and H. M. Muncer, 1950 Self-incompatibility and the production of hybrid cab- 
bage seed. Proc. Am. Soc. Hort. Sci. 56: 363-368. 





INCOMPATIBILITY IN BRASSICA 263 


BATEMAN, A. J., 1954 Self-incompatibility systems in Angiosperms II Jberis amara. Heredity 8: 

305-332. 
1955 Self-incompatibility systems in Angiosperms III Cruciferae. Heredity 9: 53-68. 

Hewitt, E. J., 1952 Sand and water culture methods used in the study of plant nutrition. Tech. 
Communication No. 22, Comm. Bur. Hort. and Plant. Crops, East Malling, U. K. 

KAkIZzAKI, Y., 1930 Studies on the genetics and physiology of self- and cross-incompatibility in 
the common cabbage. Japan. J. Botany 5: 133-208. 

Mizusuima, U., and K. Katsvo, 1953 (A new case of the phenomenon of incompatibility in the 
cabbage) Japanese. Japan. J. Breed. 2: 121-125; Pl. Breed. Abst. 24: Abst. 2506: 1954. 

OpLanp, M. L., and C. J. Nott, 1950 The utilization of cross-compatibility and self-incompatibil- 
ity in the production of F; hybrid cabbage. Proc. Am. Soc. Hort. Sci. 55: 391-402. 

PEARSON, O. H., 1929 Observations on the type of sterility in Brassica oleracea var. capitata. Proc. 
Am. Soc. Hort. Sci. 26: 34-38. 

Sears, E. R., 1937 Cytological phenomena connected with self-sterility in the flowering plants. 
Genetics 22: 130-181. 

Stout, A. B., 1922 Cyclic manifestation of sterility in Brassica pekinensis and B. chinensis. Botan. 
Gaz. 73: 110-132. 











THE INHERITANCE OF DIFFERENCES IN THE LYSOZYME 
LEVEL OF HENS’ EGG WHITE 


F. H. WILCOX, JR.' anp R. K. COLE 


Department of Poultry Husbandry, Cornell University Agricultural 
Experiment Station, Ithaca, New York 


(Received November 27, 1956) 


: IZY ME is an enzyme first described by FLEMING (1922) which lyses many 
nonpathogenic bacteria by depolymerization of an acetylated amino-polysac- 
charide of their cell wall. Many of its chemical and physical attributes are now known; 
it is characterized by a relatively low molecular weight (about 15,000) and an un- 
usually high isoelectric point (pH 10.8). Further details can be found in the excellent 
reviews by THompson (1940) and HARTSELL (1949). 

The occurrence of lysozyme is much wider than is generally realized. FLEMING’s 
original paper described its presence in nearly all tissues and secretions of the human 
body. It is present in the tissues of most vertebrates and in some bacteria, but is ab- 
sent in most plants tested. The highest concentration yet demonstrated is in the 
albumen of birds’ eggs. FLEMING and ALLIson (1924), SMOLELIS and HARTSELL 
(1951), Werrer ef al. (1953), and MacDOonNELL ef al. (1954) have reported large 
differences in lysozyme concentration in the albumens of different species of birds. 
The chicken ranked higher than all other tested species except the quail, whereas the 
duck and goose ranked among the lowest. Highly significant differences between 
strains of domestic fowl have been demonstrated both by CoTTERILL and WINTER 
(1954) and by Witcox (1956). 

This report deals with the mating results of birds selected for differences in the 
lysozyme level of their egg white. The primary aim has been the elucidation of the 
genetic nature of such differences, but a secondary aim has been a clarification of the 
function of lysozyme in egg white. The amount of lysozyme found therein (4.5 
mg/ml) is approximately 250 times as much as that required for maximal activity 
against susceptible bacteria; indeed, the enzyme is inactive at these high concen- 
trations (WiLcox and DanieL 1954). This seeming paradox suggests that lyso- 
zyme of egg white might have an additional function besides lysis of bacteria. 

The procedure for investigation of these relationships has included the establish- 
ment and subsequent crossing of lines that differ genetically in respect to the lysozyme 
concentration of their egg white. An additional function of lysozyme might possibly 
be revealed by degree of association with differences in other traits in these lines. To 
offset the probable occurrence of chance differences unrelated to lysozyme concentra- 
tion, this procedure was followed with two strains instead of one. Even so, it is 
realized that the occurrence of similar differences within both strains would provide 
little more than a hint, and that supporting evidence from additional sources would 
be required for proof of another function of lysozyme. 


' Present address: Department of Poultry Husbandry, University of Maryland, College Park. 
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MATERIAL AND METHODS 


On the day after an egg was laid, its albumen was mixed for five seconds in a War- 
ing blendor and stored in a corked shell vial at — 20°C until analyzed for lysozyme. 
In no case did the period of storage prior to analysis exceed one month. Analysis for 
lysozyme was made by using the method of Wrtcox and Core (1954), which com- 
pares the amount of clearing of a suspension of bacteria by known amounts of egg 
white to that obtained by known amounts of crystalline lysozyme. 

The general procedure followed was to analyze two dilutions of egg white from one 
egg laid when the bird was between 10 and 12 months of age. The basis for this pro- 
cedure has been detailed elsewhere (W1Lcox 1956). Deviations from the general pro- 
cedure included: the use of only one dilution for each egg white in the survey of two 
strains; the analysis of two eggs laid two weeks apart for third generation birds; and 
an analysis of an additional egg from each of the second generation birds at seven 
months of age. All eggs from a given experiment or generation were always analyzed 
in a random sequence. 


RESULTS 
Variation within two strains 


Although strains were known to differ in the lysozyme level of their egg white, it 
appeared that differences within a strain would lend themselves better to genetic 
analysis. An experiment was therefore performed for detection of exceptional families 
with respect to lysozyme level within two strains (C and K) of White Leghorn fowl 
maintained at Cornell University. Five birds were selected at random from each of 
51 dam-families and an egg from each bird subsequently analyzed. 

An analysis of variance of the results is given in table 1. Because of the dispropor- 
tionate number of dam-families per sire, it was necessary to select five of them for 
use in the statistical analysis, but since this selection was at random the results can 
be extended to the survey as a whole. This analysis shows that there are highly sig- 
nificant differences due to dam, but that the differences between the six sires and be- 
tween the two strains are not significant. 


Selection of individuals for matings 
After establishing that differences bet ween dam-families exist it was a simple matter 


to select a high and a low family from each strain. Then, eggs from all hens in these 


TABLE 1 


Analysis of variance of data from a flock survey on the lysozyme concentration in egg white 


Source d.f. Mean sq. F 
Strain 1 2.53 5.58 
Sire 4 0.453 0.35 
Dam 24 1.305 2.08* 
Within dam 120 0.626 


* Significant at the one percent level. 
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TABLE 2 


Lysozyme concentration (mg/ml) in eggs of families from which individuals were selected for mating 
2 ? 5 d J J 


Families from which males were selected (flock survey data) 


K High K Low C High C Low 

| 3.3 XK 4.8 

6.1 3.6 5.5 6.0 

4.3 3.9 5.2 4.3 

5.9 4.3 4.9 3.8 

5.0 4.9 6.2 4.2 

Mean 5.40 4.00 5.06 4.62 


Families from which females were selected (flock survey data) 


K High K Low C High } C Low 

$.2 3.6 4.6 3.9 

5.6 3.4 5.9 4.1 

5.5 KO 5.7 4.2 

6.3 4.7 a8 4.6 

6.5 3.9 6.5 3.9 
Mean 5.84 3.86 5.56 4.10 

Mean for entire 

family 5.55 4.39 5.24 4.40 


families were subsequently tested to select extreme individuals to be used in test mat- 
ings. The average for all females of the lowest family of K strain was much too high; 
consequently eggs from all females of the next lowest family were analyzed. The av- 
erage for this family proved to be sufficiently low for use, and it was selected to be 
used as the low family of the K strain from this point on. Females from the four 
selected dam-families that were used for breeding had 5.6 and 5.2 mg lysozyme/ml 
egg white, or more, in the K High and C High families, respectively, and 3.8 and 4.3 
mg/ml, or less, in the K Low and C Low families, respectively. Males were selected 
on the basis of the performance of five full sisters and were from different sire-families 
than the females to which they were mated. Four males were used in matings, one 
for each respective family of females. The families selected will henceforth be referred 
to as the first generation of the K High, K Low, C High, and C Low lines. Data used 
as a basis of selection of these lines are summarized in table 2. 

The female progeny from these matings (second generation) were checked for lyso- 
zyme concentration by analysis of an egg laid at seven months of age. Birds with a 
lysozyme concentration of 5.8 mg/ml or more were selected in both of the High lines 
as parents for the third generation, whereas birds with 4.4 and 4.6 mg/ml or less were 
selected in the K Low and C Low lines, respectively. It should be noted that the 
lysozyme concentration in eggs laid at seven months of age is about 0.5 mg/ml 


greater than in eggs laid at ten months of age. Males were selected on the basis of an 
analysis of blood serum at eight weeks of age and on the performance of their sisters. 
A male from each line was mated to half sisters of his line and to first and second gen- 
eration females in the opposite line of the same strain. In order to reduce inbreeding 
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as much as possible first generation dams as well as full sisters of selected males 
were used only in line crosses. 

All birds within each generation were reared together. They were wing-badged 
before commencement of laying, and the badge number for a bird was assigned with- 
out regard to date of hatch, strain, or family. The different lines and crosses were 
never segregated, except for a special mating of 12 third generation K-strain females 
made during the seventh through ninth months of age. 


Phenotype of the progenies 


For a comparison of the lysozyme concentration of different lines and generations 
the data for eggs laid when the birds were between 10 and 12 months of age are con- 
sidered. Most of the C strain data are not shown because of the great variation within 
both lines and the small numbers in the third generation. The differences between 
these lines were always small; the average lysozyme concentrations for the birds of 
the first, second, and third generations were 6.30, 4.88, and 5.39 mg/ml for the High 
line and 4.10, 4.39, and 4.49 mg/ml for the Low line. 

Most of the discussion which follows will be concerned with the K strain. In this 
strain the average lysozyme concentrations for the birds of the first, second, and third 
generations were 5.96, 5.44, and 6.09 mg/ml for the High line and 3.60, 3.78, and 
4.08 mg/ml for the Low line. The average for the K High X K Low cross was 4.65 
mg/ml and for the K Low X K High cross was 4.73 mg/ml. Neither of these lines 
changed much in three generations. The slightly higher averages in the third genera- 
tion may be an effect due to year or season, since birds of all the pure-line matings of 
both strains showed this increase. The average age at which the birds of this genera- 
tion started to lay differed somewhat from that of the second generation, which was 
probably a consequence of the different dates of hatch (August and April for the 
second and third generations, respectively). This might have influenced the lysozyme 
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FicurE 1.—Histograms of the lysozyme concentration of the egg whites of first, second, and third 
generation birds of the K strain. 
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TABLE 3 
Performance of the High and Low lines in respect to other characteristics 


K High K Low C High C Low 


— Generation Generation | Generation | Generation 
Characteristic 


2nd | 3rd | 2nd | 3rd | 2nd | 3rd | 2nd 3rd 
No. of birds whose eggs were analyzed for lysozyme 21 23; 16 | if 38 9 17 11 


No. eggs 9 through 11 months of age (5-day trap 42 46 41 39, 43 46 43 48 


period)* 


Age at first egg (days)® 181 200 187 | 227 173 | 196 177 | 218 
Mortality to 210 days of age (% 0 14 8 10, 12 21 4 14 
Mortality from 210 days of age to 12 months of 11 | 2 8 0 0} 12 0 
age (% 

Body weight at 11 months of age (grams)* 1973 1878 2042 2280 
Egg weight at 10 months of age (grams)* 58 59, 55 56 56 56 55 57 
Albumen quality (Haugh units)* 94; 95) 85 83) 72 76 «78 79 
pH of egg white* 8.38 8.52 8.43 8.46 

Total solids of egg white (mg/ml)' 129 121 131 128 
Total normality of K and Na of egg white® 0.110 0.116 0.113 0.112 


* Average of birds whose eggs were analyzed for lysozyme at ten months of age. 
> Average of four eggs per line. 


* Average of five eggs per line. 


concentration at ten months of age. The other striking change was the decrease in 
lysozyme concentration in the second generation of the K High line. Histograms of 
the lysozyme concentration for all three generations of the K strain are presented in 
figure 1, where these data have been arranged in 0.3 mg/ml groupings. 

Data collected to detect any relationship between lysozyme level and other traits 
are shown in table 3. There appears to be little relationship between differences in 
lysozyme concentration and the number of eggs laid in a three month period, mortal- 
ity, body weight, or total normality of K and Na (which are activators of lysozyme). 
Differences in age at production of first egg are probably not related to lysozyme since 
there was no regression within lines of lysozyme concentration on this characteristic. 
Eggs from the K High line weighed more than those from the K Low line, a relation- 
ship which has been observed before (W1Lcox 1956). A positive regression of albumen 
quality on lysozyme concentration has been shown (WiLcox 1955), and is evident in 
the K strain but not in the C strain. There may be a slight association of lysozyme 
concentration with total solids as well as with pH of egg white, but there is no further 
evidence bearing on this. 


Genelic considerations 


The establishment within two strains of high and low lines in respect to the lyso- 
zyme level of egg white provides evidence of genetic differences for this characteristic. 
An influence of the dam on the lysozyme level of egg white in eggs laid by her 


progeny is provided in the pure lines and crosses of the third generation, where the 
same K High male when mated to both K High and K Low females produced corre- 
spondingly different progenies. A similar influence of the female was manifest in 











LYSOZYME LEVEL OF EGG WHITE 269 


TABLE 4 


A comparison of daughters from the same dam which had been mated to a High and a Low line male 


Lysozyme concentration in mg/m! 


Line Mean for daughters mated to male of 

Dam 

Same line Opposite line 

K High 5.6 5.85 (4) 4.34 (7) 

6.9 >. 42 (5) 4.25 (2) 

K Low 3.7 3.52 (6) 4.98 (5) 

Ce 3.80 (6) 4.88 (4) 

C High 6.7 4.93 (7) 4.78 (8) 

6.3 5.10 (3) 4.97 (7) 

C Low 4.3 4.46 (7) 4.58 (5) 

3.8 4.51 (7) 4.47 (3) 


) Indicates number of daughters on which mean is based. 


matings involving the same K Low male to both types of females. Data from crosses 
of the C High and Low lines showed a similar trend. 

An influence of the sire on the lysozyme level of the egg white in eggs laid by his 
progeny is illustrated in table 4, which shows the performance of progeny of first 
generation females that had been mated to males of their line to produce the second 
generation, and then to males of the opposite line to produce crosses in the third 
generation. It is evident that there is a large influence of the male on the progeny from 
each female in the K strain, but there is apparently much less of this influence in the 
C strain. The poor success in breeding for differences in lysozyme level in the C strain 
may be due either to use of genetically similar males or to an insignificant influence of 
the sire on the lysozyme level of his daughters’ eggs. The former seems more likely 
to be true since dams of the C strain tended to produce daughters whose average 
lysozyme level was closer to the strain average than were their own eggs, a tendency 
which was very much reduced in the K strain. 

Although there were large differences between the mean lysozyme level of the egg 
white of the K High and Low lines, there was a considerable variation within each 
line. Certain observations suggested that this variation might be nongenetic in nature. 
These were the small change in the lysozyme level of the two lines in three genera- 
tions, suggesting homozygosity, and the similar performance of progenies from dams 
of the same line with differing phenotypes. 

To determine whether or not this within line variation was genetic in nature, fe- 
males of the third generation with very high and very low concentrations of lysozyme 
in both the K High and K Low lines were mated to the same (K High) male. The 
results of these matings are shown in table 5. Unfortunately the number of females 
obtained from certain of these matings was small. The females from both the lower 
end of the K Low line and the upper end of the K High line produced eggs which were 
much closer to the mean lysozyme concentration of the flock than were those obtained 
in the second and third generations. There does nevertheless seem to be some differ- 
ence within both the K High and K Low lines in the ability of the females to pass on 
to their progeny high or low lysozyme concentration. It is noteworthy that those 
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TABLE 5 
Results of mating the same K High line male to females of the K High and K Low lines with an unusually 
high or low lysozyme level for their line 


Position of dam’s Lysozyme concentration in mg/ml 
Line phenotype in histogram 
for third generation Dam Mean for daughters* 
K High Upper End 7.4 5.47 (3) 
6.3 5.30 (1) 
6.3 4.90 (1) 
Mean 6.67 5.32 (5) 
Lower End 5.3 5.13 (6) 
ae 5.25 (2) 
4.7 5.19 (8) 
Mean 5.08 5.18 (16) 
K Low Upper End 4.9 5.00 (4) 
4.4 5.44 (8) 
5.0 4.75 (4) 
Mean 4.77 5.16 (16) 
Lower End 3.6 4.27 (3) 
oe | 4.93 (4) 
as 5.10 (1) 
Mean 3.00 4.70 (8) 


* Followed by number of daughters on which mean is based. 


dams of the two lines that were nearly identical phenotypically produced daughters 
nearly identical in the lysozyme concentration of their eggs. Matings of a K Low male 
of the third generation to similar females produced four daughters with an average 
lysozyme level of 4.08 mg/ml. 

A number of gene pairs probably effect the lysozyme level of egg white, as indicated 
by the presence of genetic differences within two lines which themselves differ in their 
average lysozyme level. The inheritance is apparently nuclear and autosomal since 
there was no difference between reciprocal crosses. 

Mating results suggest partial dominance of low lysozyme concentration. This rela- 
tionship may be spurious, since the K Low females started to lay nearly 30 days later 
than females of the K High line and the reciprocal crosses. This difference in time 
may have influenced the lysozyme concentration of eggs laid at ten months of age. 
Evidence in favor of dominance of low lysozyme concentration versus an additive 
effect is therefore somewhat tenuous. 


DISCUSSION 


The reported situation is basically different from that usually encountered in 
genetic studies involving an enzyme, in which the presence or absence of a normally 
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functioning enzyme is governed by a single pair of alleles. The genetic differences 
obtained in lysozyme concentration might well be the result of modifying genes af- 
fecting synthesis or secretion of the enzyme, or the presence of additional genes for 
lysozyme. It has been found that these genetic differences are evidently not associated 
with changes in utilization of vitamin A or tryptophan. Knowledge of what other sub- 
stances are increased to give a greater weight of total solids in the egg white of High 
lines might be enlightening. 

The significance of the genetic differences in lysozyme concentration of egg white 
is not fully understood. The only definite associations with other characteristics that 
have been shown to date are the positive regression of both egg weight and albumen 
quality on lysozyme concentration. Thus on the basis of present knowledge on the 
subject, hens with high levels of lysozyme in their egg white have an advantage from 
the standpoint of artificial selection in respect to these characteristics. One would 
expect that any selection for high egg weight or albumen quality will favor hens with 
higher amounts of lysozyme in. their eggs, but actually only a minority of the eggs 
analyzed in the flock survey were high in their lysozyme level. Two possible explana- 
tions for lack of genetic fixation are heterosis and random distribution. Heterosis 
could be the underlying factor if there were an advantage of low lysozyme concentra- 
tion for the expression of some other trait or traits, whereby the heterozygote might 
be the best compromise from the standpoint of all associated traits. Such an advan- 
tage of low lysozyme concentration has yet to be demonstrated. Random variation 
remains a possibility; there has been little selection for albumen quality in the stock 
studied, but there has been some for egg weight. 

This study provides a rather interesting case of genetic variation in concentration 
of an enzyme. However, one should be cautious in using these reported results to draw 
inferences concerning other enzymes. Lysozyme is not a typical enzyme in respect to 
its stability, molecular weight, and isoelectric point, and particularly in respect to its 
extremely high concentration in egg white. 


SUMMARY 


Eggs from a large number of families of two different strains of White Leghorns 
were analyzed for lysozyme. Two families from each strain were selected for high 
or low lysozyme concentration in their egg white, and exceptional hens from each were 
mated with males from comparable families. The eggs from their daughters and 
granddaughters were subsequently analyzed for lysozyme. 

In the K strain little change in the lysozyme concentration of the egg white was 
found following the initial selection in both High and Low lines, whereas in the C 
strain a substantial regression towards the flock mean resulted. The lysozyme levels 
of reciprocal crosses were intermediate to those of the parental lines. 

It has been concluded that in the K strain both parents exerted a substantial influ- 
ence on the lysozyme concentration shown by their daughters through action of 
autosomal genes. The available evidence has suggested a number of gene pairs con- 
trolling the level of this enzyme in albumen, probably without dominance. In the C 
strain there was some influence of the dam but very little of the sire. 

Lines differing greatly in lysozyme concentration of egg white did not differ to any 
extent for several other traits, except for a tendency for eggs high in lysozyme to 
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weigh more and to possess firmer albumen. The biological significance of the genetic 
differences in lysozyme concentration and the reason for genetic heterogeneity in the 
stock studied remains unclear. 
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T is well known that MULLER working with Drosophila (1927) and StaDLER work- 
ing with barley (1928) reported that X-rays cause a striking increase in the 
frequency of heritable changes, both lethal and viable in the former, and affecting 
both chlorophyll characters and plant types in the latter. These unsorted heritable 
changes were hopefully looked upon as the building blocks of hereditary variability 
and of evolutionary trends. The deleterious nature of the changes that X-rays pro- 
duced, however, led STADLER to suspect them of being different from the changes that 
occur in nature, and led him to embark on experiments which showed that the in- 
duced heritable changes may be either changes within the gene (gene mutations) or 
losses or relocation of the gene (extragenic changes). PATTERSON and MULLER 
(1930) presented extensive data showing that X-rays cause gene mutations. One 
criterion they used for distinguishing a true gene mutation was whether or not it 
could revert to the original nonmutant form. Their data demonstrated this type of 
change. 

With the advent of superior cytological techniques such as PAINTER’S salivary 
gland method in Drosophila and McCitntrock’s pachytene technique in maize 
and their use in the analysis of the various X-ray induced cases, it became quite 
clear that the majority of the X-ray induced alterations were actually chromosomal 
alterations or extragenic changes. Taking a skeptical approach, STADLER began a 
rather extensive study of individual X-ray induced changes at particular loci in maize 
to determine whether or not they were actually discrete changes of the gene itself. 
Such criteria as association with a visible chromosomal aberration, transmission 
through male and female germ cells, viability of the homozygote, and ability to 
revert to the original nonmutant form were used in this determination. STADLER 
(1954) could find no evidence that X-rays cause gene mutation. He suggested that 
in view of the data a re-examination of our definition of the gene might be necessary. 

As the number of radiation experiments multiplied, two important aspects of the 
problem arose. The first was the discovery of a type of position effect in Drosophila 
in which an X-ray induced chromosomal aberration that removed a locus, normally 
residing in euchromatin, to a new position next to heterochromatin could cause that 
locus to express itself as a mutable allele. The new form generally showed a mosaic 
of dominant and recessive phenotypes. If this locus was moved away from the 
heterochromatin it reverted to the normal wild type allele. This behavior satisfied 
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the criterion of reversability even though the gene had not undergone a true mu- 
tational change. 

The second aspect of this problem was the accumulation of a vast amount of data 
from experiments in which investigators had treated various organisms with X-rays 
and looked for heritable changes but had not examined the mutants in detail. These 
cases were reported as gene mutations without going any further into the matter. 
The very weight of this evidence and the rather loose definition of the word mu- 
tation has tended to make investigators feel that X-rays have a strong mutagenic 
effect, using the narrower sense of the word. However, a careful examination of 
specific cases usually revealed that a deficiency or some other chromosomal aber- 
ration was the basis for the so-called gene mutation. Furthermore, many of the 
changes which were not associated with chromosomal aberrations exhibited pleio- 
tropic effects suggesting that they involved more than one locus. 

A major point in the hypothesis that X-rays cause gene mutation is that ionizing 
radiations cause a series or a gradation of deficiencies ranging from large cytologically 
visible cases down to those which are invisible and which grade into a type indistin- 
guishable from spontaneous gene changes. The only way to test this hypothesis is to 
find some means of defining the limits or the discreteness of the changes that X-rays 
can produce. Such is the purpose of the experiment outlined in this report. 


MATERIALS AND METHODS 


Previous experiments designed to determine the mutagenic properties of X-rays 
and ultraviolet radiation on maize had been limited by the unavoidable crudeness 
of the genetic indicators that were used. In treatments using single loci or widely 
spaced markers, it was quite difficult to define the limits within which the changes 
occurred. The discovery of the siz locus by Marns (1949) and of the compound nature 
of the A? allele at the A; locus by LAUGHNAN (1949), permitted the combination of 
three marked loci within very narrow limits. The two components of the A® locus, 
a and £, and the s/z locus are located on the long arm of chromosome 3 covering a 
map distance of less than 0.3 crossover units. Cytologically they are included within 
the haplo-viable (a-x1) deficiency which has been reported as invisible at pachytene 
with standard cytological technique. They all affect the endosperm (a pale aleurone, 
8 purple aleurone, si shrunken endosperm) and in addition a and 8 are expressed 
in the plant. Finally, most of the combinations of these three units can be easily 
recognized. 

If pollen from plants possessing the dominant forms of these three loci is treated 
with X-rays and used on a female stock having their recessive counterparts, one can 
predict the types of progeny produced as the result of induced chromosome breaks in 
different regions in and surrounding the a 6B Sh segment. Losses of the whole a 8 Sh 
segment will be quite frequent, as they will be included in the larger losses of major 
portions of the chromosome arm. Losses of 8 Sh together or of Sh alone will be con- 
siderably less frequent since they require, for the first type, a break between a and 8 
and for the second a break between 8 and Si as well as a second break somewhere 
else in the distal portion of the chromosome arm. The second break must be assumed 
to satisfy the observed fact that in maize losses produced in mature pollen are usually 
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intercalary. Losses of a 8 and of a should be even more rare as they require a break 
between 8 and Sh in the first case and a and 8 in the second witha coincident break 
between a and the centromere. Mutational changes of any of the three loci involved 
may also occur, but those involving a or Sh alone will not be recognized as such 
because they can not be distinguished from small deficiencies involving the same loci. 
Losses of the action of 8 alone without the coincident loss of either a or Sh can arise 
in three ways: (1) coincident breaks between a and 8 and between 8 and Sh with the 
subsequent loss of the small 8 segment; (2) point destruction of the 6 locus without 
the alteration of a or Sh and (3) a mutation of the 6 locus to the null level. At present 
the only criterion for distinguishing between these three possibilities is pairing 
homology. A deficiency would lack the element necessary to pair with its homologue 
in the A locus while a true gene mutation would not. Precedent for such behavior 
at the R locus in maize has already been established by STADLER and EMMERLING 
(1956). 

Changes of 8 to its recessive form occur spontaneously at the rate of about 
3.85 X 10-* (LAUGHNAN 1955). However, it has been observed that spontaneous 
mutations occur early enough in the development of the microspore that they affect 
both the endosperm and the embryo, while induced cases are produced after the 
second microspore division and therefore affect only one or the other. This is signifi- 
cant from another standpoint in that it suggests that spontaneous mutation of 8 
is associated with the meiotic cycle. 

The a 8 Sh combination has the disadvantage that the changed form of 8 is a 
null form which would not be distinguishable from a point destruction of 8. The 
ideal combination to overcome this difficulty would be a gene which has an extremely 
low mutation rate but which is known to produce mutants of a type that can be 
distinguished from point deficiencies. These conditions are met by another , allele, 
A: D2. This allele arose as a mutant from the recessive allele a through the action 
of the gene Dt. It has been found that 4: D2 mutates to recessive a at a high rate in 
female gametes (3.4 X 10‘) and in somatic cells when the Di gene is present (STADLER 
1951; NuFFER 1955). The responsibility of D/ for these mutational changes can be 
seen by comparison of the data in lines one and two, table 3. The active unit (here- 
after designated A) of the 4: D2 allele appears to be a single unit whose phenotypic 
expression resembles 8 and which resides at the same general location as 8. There is 
at present no proof, however, that A and 8 are homologous. For this experiment 
such proof is not essential. In any case, A is a hereditary unit which can be extremely 
stable under certain conditions and yet which can mutate to revertible mutants 
under certain other conditions. A critical test of the mutagenicity of any external 
agent would be whether or not it can cause A ina stable environment (absence of D#) 
to change to the revertible recessive form. The close marker (Si) helps identify 
gross deficiencies and chromosome rearrangements. The A: D2 stock used had the 
disadvantage of lacking a marker to the left of A. This was found to be relatively 
unimportant since losses of chromosome segments between Sh and the centromere 
with one break point between 8 and Sh occur at a very low frequency. 

Two experiments were undertaken using the above described combinations. In 
the first, treated and untreated pollen of homozygous a 8 Sh et, Dt plants was used 
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on silks of plants that were homozygous a” sh El, Di. The a” allele (a highly mutable 
allele that responds to Di action) was used as female instead of a null a 8 segment 
so as to permit easy recognition of changes of 8. The expression of a without 8 is a 
pale seed which is sometimes hard to distinguish from other types of dilution unless 
there are full colored 4 dots superimposed on the pale aleurone to demonstrate that 
the paleness is due to a. The Df gene was added so that a” would mutate to give 
the necessary dots. There is no evidence to indicate that either a or 6 respond to the 
mutagenic action of Df. In the second experiment, treated pollen from homozygous 
A:D2-Sh, dt plants was used on silks of plants that were homozygous a sh, di. The 
use of di stocks here was essential since A responds readily to Dt action. 

In each experiment approximately the same number of ears were pollinated by 
pollen which had been subjected to ultraviolet radiation, to X-rays, or to no treat- 
ment. The ultraviolet treatment consisted of shaking the pollen from freshly opened 
anthers on a 3” X 3” X 34” quartz slide, placing the slide between two steri-lamp 
tubes (which were held four inches apart in a specially constructed box) for 30 
seconds, dumping the pollen into a small porcelain combustion boat and finally 
scattering it evenly on receptive silks. The whole process is completed in less than 
three minutes. 

The X-ray treatment consisted of taking tassel branches containing the mature 
unopened anthers, placing them on a damp blotter in a petri dish, treating with 1200r 
of unfiltered X-rays, shaking the pollen into a porcelain boat as soon as the anthers 
were opened, and then pollinating as before. In this treatment the anthers often had 
to stand 20 minutes or more after treatment before they opened enough to release 
the pollen. The pollen from the control was handled exactly like the X-ray treated 
pollen except that it received no treatment. 

The ears produced in both experiments were examined carefully for seeds of two 
types, those with the whole seed affected, and those with fractional seed sectors. 
Mature maize pollen has three nuclei; a vegetative nucleus and two sperm nuclei, 
one of which may eventually fertilize the female proembryo and the other the female 
proendosperm. An event occurring as the result of treatment at maturity can affect 
any one independent of the other two. Therefore, the whole-seed cases represent 
changes in the male proendosperm nucleus alone and should be accompanied except 
in rare instances by a normal embryo. Although only the embryo can be used for 
progeny tests the simultaneous study of endosperm and embryo can be used ad- 
vantageously to identify contaminants and spontaneous mutations, both of which 
affect both endosperm and embryo. This is especially important in the first experi- 
ment, because spontaneous germinal changes of 8 in the a 8 Sh stock occur at quite 
a high frequency. 

The second group (partially affected seeds) represent changes that occurred fol- 
lowing fertilization even though they must have been initiated earlier. The size of 
the changed sector depends on the number of cells present in the endosperm at the 
time the final event occurred, and on the developmental pattern of the progeny of 
the two daughter cells, one changed and the other apparently normal, arising from 
the affected but as yet unchanged parental cell. Thus if an event occurred at the two- 


cell stage and growth rate were uniform and equal for the progeny of the two daughter 
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cells, one would expect to find a half seed sector; if at the four-cell stage, a quarter 
seed sector, etc. If, however, there is unequal development, one would expect various 
sizes of sectors to arise from the event that became effective at the two-cell stage. 
The very fact that three fourth seed and larger changed sectors occurred in prelimi- 
nary experiments indicates that the development of the maize endosperm follows an 
irregular pattern. The sectors recorded were those that covered one eighth of the seed 
surface or more. Smaller sectors were not easily distinguished from other unclassified 
effects and therefore could not be used for accurate counts. 


EXPERIMENTAL RESULTS 
Assuming that a 8 Sh accurately represents the condition of the tested segment of 
the third chromosome in the male stock used for treatment as indicated in the fol- 
lowing diagram: 


ap Sh el 
of 


a”™ sh El 
and that the female stock was — a” sh (or a” — sh depending on the homology of a” 


with @ or 8) in the same region, one could reasonably expect to find the following 
unusual types: 


1) - colorless shrunken deficiency for a 8 Sh, proximal break between cen- 
tromere and a 

(2) @ dilute shrunken deficiency for 8 Sh, proximal break between @ and 8 

3) aB- colored shrunken deficiency for Sk or a mutation of Si to sh 

(4) — Sh colorless normal deficiency for @ 8; two breaks essential, one between 
centromere and a, and other between 6 and Si 

(5) B Sh colored normal indistinguishable from a B Sh 

(6) a — Sh dilute normal a) deficiency for 8, either point destruction or two 


breaks, one on either side of 8 but between 
a and Sh 
b) mutation of 8 to null level 


Whole seed cases 

Actually four of the six expected types were found. Of the two that were not seen, 
— 8 Sh (colored nonshrunken) is phenotypically indistinguishable from the normal 
sibs, while the other —- — Sh (colorless nonshrunken) would have been seen had it 
occurred, but no cases were found. Of the remaining four, several a — (dilute 
shrunken) cases occurred, but they were so difficult to recognize that to avoid possible 
inaccuracies they were not included in the table of data. The other three types, 
- (colorless shrunken) a 8 — (colored shrunken) and a — Sh (dilute, non- 
shrunken) occurred at various frequencies depending on the type of treatment as 

indicated in tables 1 and 2. 
A comparison of the whole endosperm cases from the two treatments and the 
control appears in table 1. Gross deficiencies represented as losses of the a 8 Sh seg- 
ment occur in the control at a low rate (7 X 10~) which roughly corresponds to that 
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TABLE 1 
Whole endosperm losses per 10,000 seeds 


a™ sh, Dt X A® Sh, Dt 


Treatment Population aB Sh Sh* ap B 
Control 9,228 7 0 0 0 
UV 30 sec 8,888 267 10 0 11 
XR 1200r 8,739 611 7 0 0 


* Not entirely reliable as losses of Sm, occasionally may be mistaken for losses of S/iz. The female 


stock included some Su sz plants. 


TABLE 2 


Fractional losses, one eighth seed or more, per 10,000 seeds 


a™ sh, Dt X A® Sh, Dt 


Treatment Population a B Sh Sh* ap B 

Control 9,228 17 1 0 0 
UV 30 sec 8,888 397 91 0 12 
XR 1200r 8,739 90 8 0 0 


* Not entirely reliable as losses of Su occasionally may be mistaken for losses of Si. The female 


stock included some Su su plants 


found earlier (STADLER 1939) for loss of the A locus. In the ultraviolet treatment the 
rate was 39 times as high while in the X-ray treatment it rose to 87 times the control 
frequency. The results are in agreement with findings by other investigators and 
clearly demonstrate that both treatments are extremely effective in causing chro- 
mosome breakage. 

If we now look for those deficiencies which include only two of the markers (they 
require one break in a very narrowly defined region between a and 8 for the 6B Sh 
losses and between 6 and Sh for the losses of a 8, as well as a second break else- 
where), we are confronted by a complete absence of the one class (losses of a £). 
This could be attributed to a low frequency of coincident breaks, one between 8 
and Sh and the other between the centromere and a, or to the resistance to breakage 
or perhaps frequent restitution after breakage of this region. The second class (losses 
of 8 Sh) occurred at a low frequency in both the X-ray and the ultraviolet treatment, 
but they were so difficult to recognize that their frequency could not be considered 
as valid data. 

Alterations of the Sh locus occurred at an increased frequency in both treatments 
as compared to the control with no significant difference between the two treatments. 
These cases are of relatively little use here as they represent two types of occurrence: 
(1) a mutational or deficiency change of the Sh locus itself and (2) those gross losses 
which include the Sh locus and any portion of the chromosome distal to it. It is not 


possible to distinguish between these two in this experiment. 
The really diagnostic cases in this experiment are the losses or changes of 8 alone 
since they represent the residue of cases that could include possible gene mutations. 
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Significantly the X-ray treatment as well as the control failed to produce a single 
valid change of 8 while a comparable population from the ultraviolet treatment 
yielded ten (shown as 11 X 10~ in the table) good clear cases. 


Fractional seed cases 


Comparison of partial seed losses from the three treatments in table 2 reveals 
several differences as well as agreements with the whole endosperm data. First of 
all, the total number of gross deficiencies (a 8 Sh losses) produced by both X-rays and 
ultraviolet light as compared to the control was increased, though not as much as 
in the whole seed group. However, the relative frequency from the X-ray and ultra- 
violet treatment was reversed. The X-ray treatment which had given 87 times as 
many whole seed cases as the control gave only five times as many partial seed cases 
while the ultraviolet treatment which gave 39 times as many whole seed cases gave 
23 times as many partial seed cases. Taking into account the differences in dosage 
these data are in rather close agreement with those reported for loss of A alone by 
STADLER (1939). 

The fractional losses of Sh also differed from those where the whole seed was in- 
volved in that the ultraviolet produced many more partially affected seeds. A second 
agreement occurs in the changes of 8. As was the case in the whole seed class, the 
control and X-ray treatment of the partial seed class failed to include any cases at 
all, while the ultraviolet treatment yielded 11 (12 X 10~). 


Reversibility of mutants 

In the second experiment, which was designed primarily to discover the reversible 
type of mutant and not to identify the region affected, the same general results were 
obtained. As can be seen from the data in tables 3 and 4, gross deficiencies of A Sh 
and deficiencies of Sh alone were obtained in roughly the same proportions for both 
the whole seed and fractional cases. Changes of A, which in the light of the failure of 
X-rays or ultraviolet to produce large interstitial deficiencies of material immediately 
to the left of Sh in the first experiment, can be considered mutations or point 
destructions of the A allele, occur only in the Di and the ultraviolet treatments. 

The changes at A that arise through the action of Dt have long been considered 
examples of true gene mutation because they occur in somatic cells, they are reversi- 
ble, they have normal transmission through both male and female germ cells, and 


TABLE 3 
Whole endosperm losses per 10,000 seeds 


ash X A-D2 Sh 


Treatment Population A Sh A Sh 


Control (dt X dt) 35,733 0.9 0 0.3 
Dt (Dt X dt) 17,506 9* 3 2 
UV 30 sec (dt X dt) 7,457 232 4 11 
XR 1200r (dt X dt) 16,873 321 0 2 


* Confirmation tests were not made on these cases. 
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TABLE 4 
Fractional losses, one eighth seed or more, per 10,000 seeds 


ash X A-D2 Sh 


rreatment Population 1 Sh A Sh 


Control (di X di 35,733 52 0.3 0.6 
Di (Di X dt 17,506 63 8 2 
UV 30 sec (di X dl 7,457 679 11 43 
XR 1200r (dt X di 16,873 108 0 0 


they are not associated with chromosome breakage. All of these qualifications except 
for the reversibility can be satisfied by a point deficiency of the A locus. The question 
now arises whether the ultraviolet induced mutations which give every indication of 
filling all the qualifications but the reversibility, will indeed prove to be reversible 
under proper tests. Since it is impossible to get a progeny test from the endosperm, 
it is necessary to produce changes of A in the embryo which can be grown and progeny 
tested. STADLER (unpublished) tested three good ultraviolet induced mutations for 
their reversibility and obtained essentially negative results. However, the A allele 
which he used for treatment had no history of producing reversible recessive a 
mutants under any conditions. Since that time a fourth mutant produced from the 
same A allele as used in the present experiment was produced and tested in col- 
laboration with STADLER and EMMERLING and found to be nonreversible. 

The seeds used to obtain the already listed endosperm data were planted in sand 
benches and grown to discover such embryos. From the small population examined 
not a single valid case was obtained. Therefore the settling of this point must await 
the accumulation of more data. 


DISCUSSION 


The prevailing opinion of the majority of radiation biologists, as amply discussed 
by MULLER (1954, 1955), is that X-rays cause various heritable changes ranging from 
gross chromosomal rearrangements, such as translocations, inversions and segmental 
losses, down through small segmental losses to point deficiencies and finally changes 
within the gene which can be termed true gene mutations. The gross changes are 
produced as the result of the passage of an electron track through the chromosome 
causing breaks followed by rearrangement, rejoining, or complete loss; or are pro- 
duced as the result of breaks caused by the ion clusters produced at the end of the 
electron track. The more discrete changes—that is, the point mutations and the true 
gene mutations if they occur—are produced by single ionizations, molecular activa- 
tions, or other secondary effects. The data obtained in this investigation have a 
distinct bearing on this interpretation. They show that for a particular locus in maize, 
the effects of X-rays are quite gross and include none of the more discrete changes 
that have been reported in Drosophila and other organisms. 

Why is it that no point mutations or true mutations of the gene 8 occurred as the 
result of X-ray treatment in this material? One possibility is MULLER’s suggestion 


that the maize chromosomes in the pollen grain are so condensed as to make it im- 
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possible for a single quantum of X-rays to affect one gene without affecting its neigh- 
bors. It seems unlikely, however, that even in the most condensed chromosomes the 
genes are this close together, particularly considering the limited sphere of effective- 
ness expected of a single ionization or molecular activation. Furthermore, treatment 
of maize at other stages of development has failed to produce point mutations of the 
kind described by MULLER. 

An experiment was conducted at this laboratory by HAHN (unpublished) in which 
stocks that were homozygous R” were treated pre-meiotically with 1000 and 1500r of 
X-rays and the male and female gametes tested for mutation of R’ to r’. In the female 
series the rate from treatment was 7.8 X 10~‘ in 57,500 gametes compared to a spon- 
taneous rate of 10 X 10~*. In the male series the treatment frequency was 11 X 10-4 
in 150,000 gametes as compared to the spontaneous rate that was known to be 
14 X 10%. 

A second possibility is that different gene loci differ in their response to the effects 
of X-rays. Perhaps the structure of 8 is unique among genes and of such a nature 
that no amount of ionization will alter it without completely destroying it and its 
neighbors or irreversibly breaking the chromosome in that region. This is not sup- 
ported by the data from the ultraviolet treatment which show that @ is not neces- 
sarily stubborn in its response to other types of radiation. One can of course postulate 
a gene which is selectively susceptible to certain types of outside action and therefore 
satisfy this possibility. 

A third possibility is that X-rays cannot produce discrete changes in the presumed 
molecular structure of the gene but instead cause only such things as destruction 
and deficiency by loss of small chromosomal segments. If one holds to the latter 
hypothesis, one must conclude either that this fact was not recognized in experiments 
with other organisms because the criteria were not available to point out the differ- 
ence between true gene mutations and deficiencies or destructions, or that maize is 
a unique organism in this respect. However, in the face of the vast preponderance of 
evidence in favor of X-rays causing gene mutations in other organisms, one would 
hesitate to say on the basis of the data from a single locus in a plant like maize 
that X-rays do not cause gene mutations. 

In comparison the results of ultraviolet radiation are quite different. The data 
indicate that ultraviolet radiation does cause discrete changes of the 8 locus. How- 
ever, the cases obtained still cannot be distinguished as to whether they are de- 
ficiencies of 8 or changes of 8 to the null level. Until better criteria are developed, this 
question must remain unanswered. It is clear, however, that ultraviolet can cause 
changes which are within the limits of our present definition of the gene. 

One might argue at this point that the data presented in this paper are not exten- 
sive enough to demonstrate that X-rays do not cause gene mutations at the locus 
tested. It is true that if greater numbers had been involved, some cases of true mu- 
tation would perhaps have been found. It should be pointed out, however, that for 
all practical purposes X-rays do not cause the desired effect at the A locus in maize. 
It would be of little value to find, for instance, that X-rays merely double a control 
rate of 30 mutations in one million, while ultraviolet increases the rate 37-fold or 
more and certain mutator genes increase the rate at least 1,000 times. One should not 
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conclude, however, that because X-rays cannot cause gene change they are of no 
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value to the geneticist and the plant breeder in altering the hereditary material. 
In fact, to the breeder it makes little difference whether heritable change is mutation 
or deficiency. It is possible to visualize rather drastic destructional changes that 
would be beneficial under certain conditions. 


SUMMARY 


1. Maize gametes carrying the a 8 Sh segment were treated with X-rays and ultra- 
violet radiation to determine whether either treatment could cause changes of the 
middle unit without affecting its neighbors. 

2. No changes of 8 alone were found in the X-ray progeny or the control, while 
in the ultraviolet progeny a significant number were found. 

3. A high frequency of loss of the whole a 8 Sh segment was observed from both 
treatments but not in the control. 

4. A test of the possibility of X-ray or ultraviolet treatments producing reversible 
mutants from a gene which is known to produce reversible mutations spontaneously 
was also conducted. The results were inconclusive. 
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T has been shown that reversion to growth factor independence in auxotrophic 
strains of Neurospora may result from mutation of the defective locus itself, or 
mutation at a different locus (WAGNER and MircHELt 1955). Mutant genes of the 
latter type have been designated as suppressors, and biochemical studies of suppressed 
mutants have indicated that the metabolic pathway concerned may be different 
from or similar to that of wild type (LErn and Leryn 1952; Yanorsky 1952a). 
Suggestive evidence that at least two classes of mutants to tryptophan inde- 
pendence occurred in Saccharomyces was obtained when it was observed that two 
kinds of clones developed when auxotrophic stocks were plated on tryptophanless 
medium. The genetic and biochemical properties of these mutants are the subject 
of this paper. 


MATERIALS AND METHODS 


The tryptophan requiring haploids as well as the tester stocks were obtained from 
Drs. D. C. HawrHorne and H. L. Roman. Clones containing the genes ¢r-/ and fr-2 
were obtained orginally from Drs. SEyMouR POoMPER (POMPER and BURKHOLDER 
1949) and CAROLINE Raut. The results of crosses indicate that /r-/ and /r-2 are not 
allelic and that /r-J is closely linked to its centromere (HAWTHORNE 1955a, b). 
Indole or tryptophan can fulfill the tryptophan requirement of both é/r-1 and ¢r-2 
clones, while /r-2 can use anthranilic acid as well. Clones with /r-/ accumulate both 
anthranilic acid and N-fructosyl-anthranilic acid in their growth medium (Parks 
and DouGtas 1956) which suggests that ér-/ clones are blocked in their conversion 
of these compounds to indole. Stocks that are doubly recessive (ér-/, tr-2) accumu- 
late neither of these compounds, indicating that ¢r-2 controls a step in tryptophan 
biosynthesis which occurs prior to the formation of anthranilic acid. 

Indole synthesis from anthranilic acid was determined by using 0.25 gm dry weight 
of a 48-hour culture of the test organism grown in complete medium. Each assay 
flask contained 5 ml of yeast cells in water, 500 ug anthranilic acid, 150 ug hydroxyl- 
amine (YANOFSKY 1952b), and 4.4 ml of M/10 phosphate buffer at pH 7.0 to give a 
total volume of 10 ml. The reaction mixtures were incubated at room temperature on 
a rotary shaker for five hours. Indole was extracted in toluene and determined by 
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the method of STANLEY and Spray (1941). The BRATTON-MARSHALL (1939) test for 
diazotizable amines was employed in the analysis for anthranilic acid. 

Tryptophan synthetase activity was determined with identical yeast suspensions 
and buffer concentration as above but with 500 ug indole, 2 mgs serine, and 20 mgs 
of glucose as substrates. Tryptophan was measured by the method of Horn and 
Jones (1945). 

The synthetic medium used and the techniques for genetic analysis and scoring 
of segregants have been described by Roman (1956). 

Cross feeding was demonstrated on agar plates by mixing cells of an indicator 
strain in the medium and spotting cells of the clones to be tested on the surface. 


RESULTS AND DISCUSSION 


Two types of tryptophan independent mutants were observed when dense sus- 
pensions (4 X 10% cells/ml) of ¢r-/ stocks were plated on tryptophanless medium 
(fig. 1). One type consisted of cells that had the capacity to feed the auxotrophic 





FicureE 1.—Feeder (F) and nonfeeder (NF) revertants of ér-1 on tryptophanless medium. 
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MUTANTS IN SACCHAROMYCES 


TABLE 1 
Tests of segregants from a cross of an F” mutant ( # 3732A-F) with a trytophan independent tester (stock 
3701B) 
Number of asci 
Phenotypic ratios en 7 ” 
Tr:tr Hizhi Ur:ur aia 
2:2 0 10 9 10 
cy 0 0 1 0 
4:0 10 0 0 0 


The cross was heterozygous for the gene pairs controlling histidine independence: dependence 
(Hi:hi); uracil independence: dependence (Ur: ur); and mating type (a:a). Tr:ir refers to tryptophan 


independence: dependence. 
TABLE 2 


'F” mutant (3732-A-NF) and a tryptophan independent tester 
stock (3701 B) 


~ 


Tests of segregants from a cross of an “ 


Number of asci 


Phenotypic ratios 


Tr: Hi:hi Ur:ur ala 
2:2 6 21 22 22 
mS 10 1 0 0 
4:0 6 0 0 0 


The cross was heterozygous for the gene pairs listed in Table 1. 


parent as evidenced by satellite growth around the colonies. Clones of this type 
produced colonies 24-36 hours after plating and were designated as feeder (‘‘F’’) 
mutants. The second mutant type did not feed /r-/ and appeared a day or two later 
on the plates. These were designated as nonfeeder (‘‘NF”’) mutants. A total of 130 
colonies of both types were found on 21 plates; 19 percent of these were ‘‘F”’ mutants. 
Several mutants of both types were selected from the primary plates and, after 
purification by several replatings on tryptophanless medium, were used in the subse- 
quent experiments. 

The results of crosses indicate that the “F” and “NF” mutants are genetically 
different with respect to the mutant genes conferring tryptophan independence. 
When an “‘F’”’ mutant was crossed with a tryptophan independent tester stock, all of 
the 40 segregants from ten asci were tryptophan independent, while the expected 2:2 
segregations in each ascus were obtained for the gene pairs controlling mating type, 
histidine independence or dependence and, with the exception of one ascus, uracil 
dependence or independence (table 1). From the fact that no tryptophan requiring 
mutant originated 


599 


segregants emerged from the cross it can be concluded that the ‘“F 
either as a consequence of back mutation at the /r-/ locus, or through mutation at 
another locus closely linked to /r-J. 

A cross similar to the one above but employing an ‘““NF”’ mutant as one of the 
parents gave the expected monohybrid segregations in 21 asci for mating type, 
uracil independence, and (with one exceptional ascus) histidine independence. How- 
ever, the 2:2 and 3:1 segregations for tryptophan independence (table 2) indicate 
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that the ‘“‘NF” parent is a suppressed mutant since it carries a gene for tryptophan 
independence at a new locus. The proportion (25 percent) of tryptophan dependent 
segregants recovered in the cross is that expected on the basis of independent segrega- 
tion of the ¢r-/ locus and its suppressor. The suppressor gene is designated as ¢r-1-Su 
since it exhibits dominance in a diploid prepared by mating a /r-/ haploid with an 
“NF” mutant. 

It is known that some suppressor genes are highly specific in their effects, (YANOF- 
Sky and BONNER 1955), while others are nonspecific, in that a number of nonallelic 
genes may be affected (MircHeELL and MircHeti 1952). To test whether /r-/-Su 
was capable of suppressing /r-2 as well as /r-/ a cross was made between a trypto- 
phan independent suppressed clone (Tr-2, ¢r-1, tr-1-Su) and a tryptophan dependent 
lr-2 clone (tr-2, Tr-1, tr-1-su). On the basis of independent segregation of the three 
genes one would expect the following percentages of the segregants to be tryptophan 
independent: 25 percent if neither /r-/ nor ¢r-2 were suppressed, 37.5 percent if only 
lr-I1 were suppressed, and 62.5 percent if both /r-/ and ¢r-2 were suppressed. The 
observed value of 34 percent (table 3) indicates that only /r-/ is affected. It is also 
apparent from the data in tables 1, 2, and 3 that /r-1-Su has no observable effect 
on the genes conferring the requirements for uracil, histidine and adenine. 

It was pointed out earlier that /r-/ and ér-2 stocks utilize indole in place of trypto- 
phan, and, in the case of /r-2 stocks, anthranilic acid as well. These facts suggested 
that tryptophan biosynthesis in yeast follows the same pathway as in Neurospora 
(Tatum and BONNER 1944) and Escherichia coli (YANOFSKY 1955). To obtain addi- 
tional information on this point, and also to examine the nature of the blocked re- 
action affected by /r-/-Su, all of the various stocks were tested for their ability to 
carry out two key reactions of this pathway, the synthesis of indole from anthranilic 
acid, and of tryptophan from indole and serine. The results (table 4) showed that 
all of the clones possessed tryptophan synthetase activity, and that all but the un- 
suppressed /r-/ stocks converted anthranilic acid to indole. The suppressed /r-/ 
clones, however, synthesized indole at a rate considerably less than that of wild type 
or ¢r-2 stocks. It can be concluded from these observations that the pathway of 
biosynthesis of tryptophan in yeast is in fact similar to that of Neurospora and 
Escherichia coli and that (r-1-Su repairs a defect in this pathway affecting the con- 
version of anthranilic acid to indole. 


TABLE 3 
Tests of segregants from a cross of an “NF” mutant (7432-NF-12-ID) with a tryptophan dependent 
J : p 


(tr-2) tester stock ( # 1169-2a) 


Number of asci 
Phenotypic ratios 


Tr:tr Hishi Ur:ur asa Ad:ad 
ty 4 11 11 11 11 
1:3 7 0 0 0 0 
0:4 0 0 0 0 0 


This cross was heterozygous for the gene pairs controlling adenine independence: dependence 


(Ad:ad) in addition to the gene pairs listed in Table 1. 
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TABLE 4 


Indole and tryptophan synthesis by clones of different genotypes 


Clone Genotype ug indole formed ME a 
3701B Tr-2, Tr-1, tr-1-su 240 130 
1040-7¢ Tr-2, Tr-1, tr-1-su 130 160 
“F” mutant * 19 Tr-2, Tr-1, tr-1-su 120 130 
“FEF” mutant * 20 Tr-2, Tr-1, tr-1-su 160 150 
1138-2B lr-2, Tr-1, tr-1-su 160 110 
3732A Tr-2, tr-1, tr-1-su 0 150 
1071-3B Tr-2, tr-1, tr-1-su 0 80 
“NF” mutant ¥11 Tr-2, tr-1, tr-1-Su 40 160 
“NF” mutant * 12 Tr-2, tr-1, tr-1-Su 36 170 
TABLE 5 


Cross-feeding relations of tryplophan dependent and independent clones 


Capacity to feed clones of trytophan genotype 
Tryptophan genotype 


Tr-2, tr-1, tr-l-su tr-2, Tr-1, tr-1-su 
Tr-2, tr-1, tr-1-Su — + 
Tr-2, Tr-1, tr-1-su + = 
Tr-2, tr-1, tr-1-su _ + 


lr-2, Tr-1, tr-1-su — _— 


Failure of the suppressor to restore completely the block imposed by /r-/ probably 
accounts for the fact that chromatographic tests showed that ‘““NF”’ mutants continue 
to secrete anthranilic acid and N-fructosyl-anthranilic acid into their growth medium, 
while “‘F”’ mutants do not. This might be expected if the rate of synthesis of these 
compounds exceeded their rate of conversion to subsequent intermediates. 

The incomplete removal of the /r-/ block in the ““NF” mutants also accounts 
in part for some of the cross-feeding relations summarized in table 5. The “NF” 
mutants, like their parental auxotrophs, retain their capacity to feed /r-2 by virtue 
of their secretion of anthranilic acid. They are, however, unable to feed their parental 
auxotrophs. “‘F”’ mutants display the inverse reaction, since they are unable to feed 
‘r-2 clones, but feed ¢r-/ clones. This situation can probably best be explained by the 
assumption that ‘‘F’’ mutants convert the anthranilic acid supplied by the cells of 
the /r-/ clone to indole and tryptophan, some of which must then be excreted into 
the medium. ‘‘NF”’ cells apparently do not do this under the conditions of the cross- 
feeding tests, or do so too slowly to elicit a reaction within the time limits of the 
test. 


SUMMARY 


1. Tryptophan independent clones that arise spontaneously in tryptophan de- 
pendent /r-/ haploid Saccharomyces were shown to consist in most cases of suppressed 
mutants. 

2. The pathway of tryptophan biosynthesis in Saccharomyces is similar to that in 
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Neurospora and Escherichia coli. Clones of the (r-1 genotype are unable to convert 
anthranilic acid to indole. The supressor gene /r-/-Su effects a partial restoration of 
the blocked reaction. 

3. The suppressor of /r-/ has no effect on another nonallelic locus concerned in 
tryptophan biosynthesis. 
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HILE a number of investigators had previously reported that dehydrated 

seeds and pollen have lower frequencies of X-ray-induced point mutations and 
chromosomal rearrangements than hydrated ones, CALDEcorT (1954, 1955) found for 
X-rayed barley seeds that when the water content of the embryo decreased, the inhi- 
bition of seedling growth and the frequency of chromosomal rearrangements increased 
(see also EHRENBERG and Nysom 1954). It seemed desirable to test the effect of water 
content upon X-ray-induced damage in animal cells. To this end virgin Drosophila 
melanogaster females were or were not dehydrated, and irradiated or not irradiated 
with an X-ray dose administered in a concentrated or protracted manner. After 
mating, the rate of oviposition and the egg mortality (scored by the failure of eggs to 
hatch as larvae) were determined. In other studies on the effects of drying Drosophila 
females Ives, Fenton, Yost and Levine (1953) and Levrve (1955) found that 
dehydration caused a decrease in the rate of spontaneous crossing over. 

The present results have been described in abstract form (HERSKOw1ITz 1956). 


MATERIAL AND METHODS 


The procedure for the experiment performed last (VII) is outlined first, followed 
by comments on the earlier experiments (I-VI) with regard to some ways in which 
these differed. 

Two kinds of females were employed, all of which were free of recessive sex-linked 
lethals which had arisen in a previous generation. One type was homozygous for a 
wild type X chromosome (+/+), the other had one such X and one inverted X 
chromosome (+/IJnEn B y). Virgins of both types were aged 3-4 days with excellent 
nutrition, when the wild type females were divided without etherization into three 
groups: “W” left in vials containing culture medium (these were therefore watered 
and fed), “‘S” placed in vials containing water-soaked cellucotton (hence watered 
but starved), ““D” placed in empty vials covered with dacron netting (thereby sub- 
jected to both dehydration and starvation). The group of Bar-eyed females was 
continued on good nutrition (W). 

After 13 hours, when about ten percent of the females in the D group had died, 
the living flies in each group were etherized and placed in a number of perforated 
gelatin capsules, 80 flies per capsule. When the flies had recovered their motility 
they were treated as follows: some of the wild type females in both the W and D 
groups were given no X-radiation (C), others received 2300r in a concentrated 

1 Aided by a grant to Dr. H. J. MULLER and associates from the American Cancer Society. 

2 Contribution No. 627. 
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manner (Q), and still others 2300r in a protracted manner (P); of the females remain- 
ing (the Bar-eyed females and those in group S) some were unirradiated and the rest 
given 2300r in the concentrated manner. The X-ray machine was run at a peak of 
200 kv and 20 ma with 1 mm Al used to filter the rays. The concentrated dose was 
delivered at 1470r/min in 94 seconds; the protracted dose was delivered at 23r/min 
in ten irradiations each ten minutes long separated by nontreatment intervals each 
of 25 minutes (requiring five hours 25 minutes for delivery). The concentrated 
irradiations in this and the other experiments were given to one, two, or three groups 
of flies, the size of the groups being equal when there was more than one, toward the 
middle, near the start and finish, and in all three periods, respectively, of the pro- 
tracted irradiation. It should be noted that all the flies were handled exactly alike 
except for the dehydration, starvation, and irradiation parts of the procedure. 

After irradiation the females were placed without etherization into bottles, con- 
taining an excess of Basc males, for about 12 hours. At the end of this time, the 
flies were etherized and placed into egg-laying units each composed of 19 cylinders 
(for description see ABRAHAMSON and HERSKOowI1z 1957), one female and 2-3 males 
per cylinder. When the flies awakened, the egg-laying units were placed on petri 
dishes, containing sugar-agar food seeded on the surface with live yeast, which 
were replaced twice daily. Egg counts were made for individual females soon after 
the petri dishes were removed, and the number of uncollaps « eggs scored 36-48 
hours later. The procedure once the flies were placed in the egg-laying units was the 
same as in the last quoted study. Results for egg-laying periods through the third 
day after irradiation was completed were scored for all females (VIIa); for egg- 
laying periods from the fourth through the seventh day (VIIb) the results scored 
were from all females in the D series but from only some, retained at random, in the 
W series. The results for S-treated females and for Bar-eyed females are identified 
by VIIc and VIId, respectively. The temperature was 25-26°C; the relative humidity 
in the room, 40 percent. 

In all six of the earlier experiments approximately the same dose (2000—2200r) 
was given in a similar concentrated or protracted manner. These experiments, as 
compared with the last one, had periods of aging before treatment and of starvation 
plus dehydration that were at least as long but had temperature and relative humidity 
less well controlled. In Experiments I, II and III the females were etherized soon 
after irradiation and placed directly into the egg-laying cylinders with males. In 
Experiment III, X.Y/X.Y females from the ‘ 
were employed; in the other five experiments the females were wild type. The first 


‘multipurpose’ stock (MULLER 1954) 


two experiments, like the last, used Basc males; the others employed wild type males. 
In Experiment VI random samples of females were both dehydrated and starved 
(D), or neither (W), for 15 hours (denoted as ‘‘VIa’’); others were D or W for 25 
hours (called ““VIb”) before the X-ray treatment started. 


RESULTS 
The number and hatchability of eggs laid by a female were determined for all 
periods of egg-laying subsequent to the first one which showed her to be fertile. 
The number of such eggs per fertile female and the number of fertile females are 


given in table 1 for the various treatments in each of the experiments. 
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TABLE 1 
Number of eggs per fertile female and, in parentheses, number of fertile females in different treatments 
and experiments. C = unirradiated, P = irradiated in protracted way, Q = irradiated in concentrated 
way 
Experi- wa me Watered and fed (W) Dehydrated and starved (D) 
ment no. 
from| to Cc Pp Q Cc P Q 
I 3-33 33.9 (27) 23.8 (72) | 43.3 (16) 36.6 (73) 
II 3-4 56.9 (34) 45.6 (69) | 41.6 (72) | 37.1 (39) 18.4 (52) | 13.1 (38) 
Ill 2-4 40.0 (19) 36.0 (18) | 34.0 (16) | 34.0 (22) | 24.2 (14) | 10.2 (12) 
IV 1-4 76.9 (18) 67.4 (19) | 44.9 (19) | 37.9 (10) | 33.4 (18) | 22.2 (21) 
V 1-4 57.3 (38) 46.3 (57) | 43.0 (56) | 44.3 (37) | 43.0 (113)) 42.0 (147) 
VIa* 1-4 60.8 (19) 53.7 (38) | 54.6 (38) | 48.5 (19) | 48.1 (32) | 37.1 (33) 
b* 1-4 58.2 (19) 65.7 (18) | 49.8 (19) | 50.2 (36) | 51.2 (38) | 35.3 (56) 
Vila 1-4 42.0 (38) 41.3 (55) | 45.8 (54) | 67.2 (38) | 46.2 (45) | 34.2 (116) 
bt 4-8 98.5 (19) 117.0 (18) 107.3 (37) 118.5 (38) | 114.8 (45) |104.3 (120) 
ct 1-4 64.0 (18) 63.1 (38) 
d§ 1-4 50.2 (19) 54.6 (19) 


* Dehydrated and starved for 15 hours (VIa) or for 25 hours (VIb) before X-ray treatment started. 

+ Contains results for same flies as in VIIa except for some, discarded at random, from the W 
series. 

t For watered but starved (S) 2 9°. 


§ For +/InEn By 2°. 


Table 2 gives the overall percentages of induced egg mortalities, as well as the ‘‘in- 
tensity effect” and “‘D effect” (both are discussed later in this section), in the different 
experiments following a concentrated (Q) or protracted (P) irradiation (2000-2300r) 
to females previously watered and fed (W), watered but starved (S), or dehydrated 
and starved (D). 

The egg mortalities for each egg-laying period studied are given in detail for 
Experiment VIla-c in table 3, and for VIId in table 4. Table 5 presents the induced 
egg mortalities, ‘intensity effect’? and ‘‘D effect” in VIIa, b according to the first 
34.2 and the next 104.3 eggs laid per female as determined from table 3. 

The methods for determining the percentage of induced egg mortality and the 
“intensity effect” were the same as used by ABRAHAMSON and HERSKOwITz (1957), 
as suggested originally by H. J. MuLLER, and are as follows. The percent of egg mor- 
tality for the unirradiated control series was determined both for the fertile eggs 
laid through the third day after irradiation and for those laid from the fourth day 
through the seventh. The appropriate control value was then subtracted from the 
percent of egg mortality for the corresponding interval (or each egg-laying period 
therein) in the irradiated series and the remainder divided by 100 minus the control 
egg mortality. The resultant value X 100 provides the induced egg mortality in 
percent. 

In order to evaluate the effect of intensity on egg mortality it is desirable to 
express the data as the percentage of eggs surviving the less damaging intensity 
(the weaker) that are killed when the intensity is made more damaging (stronger). 
Thus, when a concentrated irradiation (Q) induces more egg mortality than a pro- 
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TABLE 2 
Percentages of induced egg mortalities, in all experiments, following a concentrated (Q) or protracted (P) 
irradiation of females previously treated, as indicated 


Dehydrated and Watered and Watered and 


Experiment no. Irradiation — fec D-W effect* — 
] Q 61.3 46.5 14.8 28 
II Q 53.3 43.6 9.7 17 
P 32.4 20.8 11.6 15 
Q-P 20.9 22.8 
Fi 31 29 
Ill Q 73.4 29.4 44.0 62 
“sy 33.7 6.2 27.5 29 
Q-P 39.7 23.2 
F 60 F 
IV Q 66.2 47.2 19.0 33 
P 33.9 27.6 6.3 9 
Q-P 32.3 19.6 
F 49 27 
V Q 58.8 54.3 4.5 10 
P 37.6 27.1 10.5 14 
Q-P 21.2 27.2 
F 34 37 
Via Q 51.1 27.2 23.9 33 
P 2 13.2 8.0 9 
Q-—P 29.9 14.0 
F 38 16 
VIb Q 49.7 37.2 2.5 20 
4 29.0 a2.4 6.3 8 
Q-P 20.7 14.5 
F 29 19 
Vila, « Q 58.5 43.4 15.1 27 43.2 
P 48.9 30.4 18.5 27 
Q—P 9.6 13.0 
F 19 19 
VIIb Q 23.0 15.3 a 9 
P 13.9 4.1 9.8 10 
Q-P 9.1 11.2 
F 11 12 
VIld Q 37.4 
* 100(D—W)/(100—W). See also “Results.” 
7 100(Q—P)/(100—P) = Intensity effect. See also ‘‘Results.” 


tracted one (P), the difference in effect is calculated as 100 (percent induced mor- 
tality for Q — percent induced mortality for P) + (100 — percent induced mor- 
tality for P). This estimates what is called the “intensity effect’’. Similarly, when a 
D treatment induces more egg mortality than a W, the “D effect” is calculated as 


follows: 100 (percent induced mortality for D — percent induced mortality for W) 
+ (100 — percent induced mortality for W). 











TABLE 3 
Experiment VIIa—c. Number eggs laid (a), percent mortality (b), and percent induced mortalitv* 
(c), for unirradiated control (C), concentrated (Q), and protracted (P), series of wild type 
females watered and starved (S), dehydrated and starved (D), and watered and fed (W) 











Days THIS ISIS LS) FISIE Sl El AF I, a4 ror 0-8 
Bs Slate iaA lS Sl Sib ters tered ~ 
Watered and starved 
Ca 49 | 228) 241) 367) 147) 121 1153 
b 2.4 | 0.9 0.8) 0.8)15.6 2.5 2.9 
Qa 33 | 254) 324) 946) 410 432 2399 
c 31.3 |36.4/61.2/51.7/34.2;25.8 43.2 
Dehydrated and starved 
cs 42 267, 503 916 481 348) 667 361) 548) 581) 819 446) 841 243 2557 4506 7063 
b 0.0 | 1.9) 2.4) 1.2) 2.5) 2.6) 2.4) 1.9) 3.3) 6.9) 5.4) 7.6) 9.2) 4.5 | 1.8) 4.7 7 
Qa 8 213 317,1366,1038 1021'1621) 5561685 584 2193'1089\2548 1172 3963)12448 
r 100.0 |58.5'73.5}67.0|55.7/45. 1/41. 2|27.8)29.3/20.0|20.9)18.1/18.3) 8.8 |58.5) 23.0 | 32. 
Pa 14 72| 22111046 371| 357| 833) 129| 598 666) 773) 644) 796 727 2081) 5166 | 7247 
c 56.3 |47.7/65.5)55.7/41.0 28.4 28.4)12.2/15.7| 8.6) 8.1/15.1/14.3 5.1 |48.9) 13.9 | 24.3 
Qc—Px 43.7 (10.8) 8.0.11.3)14.7 16.7 12.8)15.6)13.6)11.4/12.8) 3.0) 4.0) 3.7 | 9.6) 9.1 7.7 
Watered and fed 
C4 93 | 142) 448 477| 270) 167! 316 48) 282 103) 339° 236) 365) 184 (1597) 1873 | 2840 
b 0.0 | 1.4) 2.5) 5.7) 5.2) 3.6} 5.4] 0.0) 2.1) 4.9) 2.7/11.9)] 9.0) 1.9 3.8 5.3 4.7 
Qa 79 | 230) 522) 821) 438) 387) 489) 214) 453) 377) 832) 370) 815) 428 (2477) 3978 | 5757 
$7.3 (41.852.8)47.3/35.2 32.0 25.9)23.6)18.9/14.3)13.3/11.8/11.0) 11.4 |43.4) 15.3 | 23.1 
Pa 74 | 245) 203) 871) 487) 386 272) 70, 300) 152) 403) 285, 367 254 |2266) 2103 2370 
« 22.6 |24.0 46. 2/36. 2/25.2 20.8 11.1) 7.6) 7.1) 2.7) 2.2) 3.7! 0.4) 1.9 |30.4) 4.1 | 14.1 
Qc—P« 24.7 (17.8) 6.6 11.1,10.0 11.2 14.8)16.0 11.8 11.6 11.1) 8.110.6) 9.5 (13.0) 11.2 9.0 
Qc (D-—W 52.7 (16.7 20.7|19.7/20.5 13.1 15.3) 4.2.10.4) 5.7) 7.6) 6.3) 7.3 2.6 |15.1 re 8.9 
Pc (D—W 33.7 |23.7;19.3 19.5)15.8 7.617.3) 4.6 8.6) 5.9. 5.9 11.4 13.9 3.2 18.5) 9.8 | 10.2 
* See “‘Results’’ for method of calculation 
t Contains only data from females studied throughout this period 
TABLE 4 
Egg mortality from +/InEn B y females in Experiment VI1d 
Days 
21-4 
1-1! 115-2 2-21» 215-3 3-312 315-4 
Unirradiated No. eggs 27 73 283 351 129 91 934 
(Control) Percent mortality 38.6 9.1 9.8 7.8 ke 15 15.1 
Concentrated No. eggs 38 146 118 396 192 148 1038 
irradiation Percent induced 36.4 38.6 40.1 39.0 | 30.6 | 30.6 37.4 


mortality 


TABLE 5 
Induced egg mortalities in percentages among the first 34.2 fertile eggs (A) and the next 104.3 eggs (B) 
per female in Experiment VIIa, 6, calculated from data in table 3. Other symbols as in table 3 


\ B 
D W D—W D D W D—W D 
effect* effect 
Q 58.5 | 46.6 | 11.7 | 22 | 23.0 | 17.5 5.5 7 
‘ 55.0 32.4 22.6 33 17.9 6.8 H.3 12 
Q—P 3.0 | 14.2 5.1 | 10.7 
Intensity etfect* 7 21 6 11 


* Calculated as in table 2. 











294 IRWIN H. HERSKOWITZ 


DISCUSSION 

Table 2 shows that in every experiment where watered and fed (W) flies were 
given either concentrated (Q) or protracted (P) irradiations the induced egg mor- 
tality was greater in the concentrated one. In other words, the “intensity effect”, 
established by ABRAHAMSON and HERSkowi7z (1957), is found here also. It should 
be noted, however, that the size of the intensity effect shows considerable variation, 
probably due in large part to varying environmental conditions from one experiment 
to another. This view is supported by the variable number of eggs laid per female for 
similar treatments in different experiments (table 1). While the results of different 
treatments within an experiment are comparable, since the females used within an 
experiment were randomized, one cannot be certain that the results obtained from 
similar treatments of a different group of females in another experiment will be 
quantitatively similar. One cannot therefore conclude that the apparently greater 
induced egg mortality (tables 2, 4) for wild type females (VIIa) than for females 
heterozygous for an inversion (VIId) has a genetical basis, rather than one due to 
some environmental difference between the two series (as in nutrition during develop- 
ment of the mothers). 

The results in table 2 show that in every experiment where dehydrated and starved 
(D) flies were given either Q or P irradiations there was again a greater induced egg 
mortality in the Q treatment. The intensity effect established with W flies also 
obtains for D flies. The data show also, in every case where comparison can be made, 
that after P treatments the D flies have a higher induced egg mortality than the W 
flies, as they do also after Q treatments. The magnitude of the “D effect” can be 
seen in the table. No difference in induced egg mortality was observed between Q 
treatments given to the watered but starved (S) flies (VIIc) and W flies (VIIa), a 
result demonstrating that the difference which is found between D on the one hand 
and S or W treatments on the other is an effect of dehydration rather than of starva- 
tion. Lengthening the period of dehydration in the manner followed in Experiment 
VI resulted in no increase in either the intensity effect or the D effect. While dehydra- 
tion was associated with a larger intensity effect on egg mortality than was the 
watered condition in some experiments (III, IV, VIa, b), in others (II, V, VIIa, b) 
water content had little or no such apparent influence. Thus, the data suggest, but 
_ do not prove, that the intensity effect is greater after dehydration and that such 
, treatment preferentially increases the frequency of multihit events leading to egg 
mortality as compared with death-causing single hits. 

The preceding discussion has supposed there is no effect of X-radiation in the 
range of 2000-2300r upon oviposition rate. While GowEN and STADLER (1952) 
and ABRAHAMSON and HERskow!I7z (1957) could not distinguish any effect of doses 
up to 2500r upon oviposition rate, it was recognized in the latter work that a rela- 
tively small effect would have been undetected. In the W series of the present ex- 
periments (table 1) it is often found that the females in the C series laid the most 
eggs, those in the P series laid fewer, and those in Q laid the least. However, for W 
females in VIIa, b, and d, C is lower than Q, and in VIb and VIIb C is lower than 
P. Although these exceptions are sufficiently numerous to prevent one from concluding 
that the doses used decreased oviposition rate of the W females, this is not the case 
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for the D females. For these females every Q is lower than C, and, except for VIb, 
P is lower than C and intermediate between it and Q. These distributions, being 
significantly different from random, establish that following dehydration the rate of 
oviposition is reduced by a protracted X-ray dose of this magnitude, and reduced 
still further by a concentrated one. In view of this it is probable there is a similar, 
although smaller, X-ray effect of this type in the W series also. It should be noted 
that no significant change in the oviposition rate data would result were counts made 
of all eggs laid rather than merely those from females already proved fertile, since 
virgins lay few eggs and relatively few eggs were laid in the first 12 hours females 
were with males. The lowering in oviposition rate might be the result of either a 
damaging effect, possibly on maternal tissues, causing a delay in the development 
and/or deposition of eggs or the absence of eggs (due to resorption) which would 
have been laid were they formed, or both. 

Since it is already known (ABRAHAMSON and Herskowirz 1957) that X-ray- 
induced egg mortalities in the first days of egg-laying of treated W females are 
higher than in later days it is necessary to determine whether the apparently-higher 
induced egg mortalities observed in the DP and DQ series than in WP and WQ, 
respectively, could have been entirely the result of a lowered oviposition rate in the 
D than in the W treatments, or whether there was after dehydration a real increase 
in egg mortality in addition to any decrease produced in oviposition rate. For this 
purpose a comparison was made between the effects on eggs according to their suc- 
cession in laying rather than their timing. Now, it is possible that the greater the 
suppression of the oviposition rate the greater would be not only the delay in ovi- 
position but also the amount of resorption. Consider the effect this would have in the 
case of an event E (egg mortality in the present paper) whose frequency is increased 
by X-rays but with the increase becoming smaller as successive eggs are laid. Assume 
first the damage which causes resorption is equally likely to occur in all oocytes. 
When one tests the first 100 eggs /aid both in an unirradiated and irradiated series 
the rate of E observed in the irradiated series will be lower than it would be if one 
had tested only the nonresorbed eggs derived from the first 100 oocytes which would 
have been laid were there no treatment. The observed increase in the rate of E due 
to the X-ray treatment is a real one, then, even if an underestimate because the 
rate fell faster in eggs laid than it did amongst the treated oocytes. This would hold 
true also were the chance for resorption of certain oocytes greater than for others. 

Now some treatment additional to the X-rays (dehydration, in the present experi- 
ments) which increases the X-ray effect on suppression of oviposition rate may simi- 
larly increase the number of resorptions. On this assumption, if the pattern of re- 
sorption among successive oocytes due to X-rays alone is increased uniformly but not 
shifted by the additional treatment, then the rate of E in the first 100 eggs laid would 
be lowered relatively more in the X-ray plus additional treatment than in the X-ray 
treatment alone. Therefore, if the treatment additional to X-rays should give, never- 
theless, a higher rate of E amongst the first 100 eggs laid than does the X-ray treat- 
ment alone, the increase is real and minimal. If the pattern of resorption by X-rays 
is radically shifted by some additional treatment this would confuse the issue 
making it possible for E to be significantly higher in some groups of eggs laid and not 
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different or significantly lower in others as compared to eggs laid in the series only 
irradiated. If, however, a treatment additional to X-rays decreases oviposition rate 
more than do X-rays alone, one can be reasonably certain that an increase in fre- 
quency of E scored in eggs laid after the combined treatment as against X-ray treat- 
ment alone is a real one when the increase is consistent and persists in eggs laid over a 
considerable period of time (more than one day) and when it is observed both in com- 
parisons of eggs laid in successive periods of time (which ignores the effect the addi- 
tional treatment had in delaying oviposition and may not account for any of the 
resorptions which took place) and, especially, of successive eggs laid (in which the 
delay in oviposition is compensated for and the resorptions accounted or more than 
accounted for). 

In view of this discussion, the data from Experiment VII will be examined in 
more detail (tables 3, 4). Note that the induced egg mortality reaches a peak in the 
egg-laying period from 2-25 days after treatment in all irradiated series and that 
for this period the intensity difference is less than it is in the two periods before and 
the next eight that follow in table 3 and all those following in table 4. Except for the 
2-23 day period the general tendency is for the induced mortality to decline in suc- 
cessive periods of egg laying. Such observations already noted in the work of 
ABRAHAMSON and HEerskow!rz (1957) for WQ and WP females, are now seen to hold 
also for DQ and DP females. The lowest oviposition rate for all series in table 3 are 
34.2 and 104.3 eggs per female for the DQ treatments in the one to four and four to 
eight day periods of egg-laying, respectively (see table 1). One can compare the 
induced mortality rates for these DQ eggs with approximately the first 34.2 and 
next 104.3 eggs in the DP, WQ, and WP series, employing as the control rates the 
average values for DC and WC for the egg-laying periods concerned. The results of 
such calculations for VIIa and VIIb, given in table 5, and of those done for earlier 
experiments whose details are not presented, show that the apparent increase in 
X-ray induced egg mortality due to dehydration is a real effect. 

While there does not seem to be any regular change in the number of eggs laid per 
female or in the induced egg mortalities for similar treatments in successive experi- 
ments, there seems to be a tendency, which may be spurious, for the size of the in- 
tensity effect to be smaller in later experiments. (Experiment IT was started in October 
1955, VII in February 1956, the others in between). 

The results show that the egg mortality of the unirradiated female is uninfluenced 
by dehydration (tables 3 and 4) and that the effect of dehydration on X-ray-induced 
egg mortality persists even in eggs deposited more than four days after treatment. 

What could the target be which is damaged by X-rays to produce more egg mor- 
tality in dehydrated females than in normal ones? Since the mortality effect is greater 
in the eggs laid the first days than in those laid subsequently, one can probably rule 
out an effect on the nurse cells, transmitted from them to the developing oocyte, as 
the main cause of death, since it is reasonable to suppose that the most developed 
oocytes are less dependent upon nurse cells than those less mature. Similarly, it is 
unlikely that some even less direct ‘“‘physiological” change in the mother wrought 
by the irradiation was transmitted to the egg to kill it, since one would expect oocytes 
in less developed stages to be the ones more affected. Accordingly, it is probable that 
an appreciable part of the damage is done directly within the oocyte. 
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No final decision can be reached from the data as to what the target within the 
oocyte may be—for example, whether or not the increased egg mortality has a genetic 
basis. The results do suggest however that dehydration increases that contingent of 
induced egg mortality which is intensity-dependent, requiring several hits, and some 
at least of this contingent is now known to have a genetic basis (HERSKOWITz and 
ScHALET 1956). The fact that some dehydration effect occurs in eggs laid four days 
and longer after irradiation suggested that studies of X-ray-induced “‘crossing over”’ 
and half-translocations would be fruitful in proving whether the genetic material is 
influenced by such treatment. Some of these studies have already been completed and 
will be published later. 

The results reported here resemble those of CALDECoTT (1954, 1955), in that de- 
hydration increases radiosensitivity, and cast doubt on the generality of a positive 
correlation of water content with radiation damage at the levels of hydration here 
investigated. 


SUMMARY 


While dehydration of Drosophila melanogaster adult females produces no detectable 
effect on egg mortality in the absence of X-ray treatment, about 2300r given to such 
females as virgins in either a concentrated or protracted manner causes a significant 
increase in the rate of induced mortality among eggs from dehydrated as compared 
with corresponding normally hydrated females. 

Significant differences in the rate of oviposition were obtained for dehydrated fe- 
males treated differently: the rate was highest for unirradiated females, lower for 
those receiving X-rays in the protracted way, and lowest for those given X-rays in 
the concentrated way. These effects were produced to a lesser extent, if at all, when 
the females were not dehydrated. 

The bearing of these results on those obtained by others employing dehydration 
and radiation is briefly discussed. 
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x... work has shown that many North American populations of Mus mus- 
culus are polymorphic for variant alleles at one locus (DUNN 1955). The meth- 
ods used for detecting and isolating seven of these alleles have been described by 
Dunn and SUCKLING 1956. The method essentially is to bring wild mice into the labo- 
ratory and to testcross them individually with mice of a domestic stock carrying a 
dominant marker allele 7. Wild animals heterozygous for a mutant allele at this locus 
(+/t'’) reveal their genotype by producing tailless offspring 7/?” which, when inbred, 
produce balanced stocks. When the wild allele (¢”) is lethal, such matings produce only 
tailless offspring in small litters which have been depleted by the death of two classes 
of lethal zygotes T/T and (’/t”. Each allele to be tested is derived from a single 
heterozygote taken from a wild population. 

A fact of special interest is that each of the seven ‘‘wild” alleles previously studied 
is transmitted by male heterozygotes to a great majority of the offspring. The average 
“male segregation ratio” of the above seven /” alleles was found to be about 94 per- 
cent. Such a male transmission ratio should favor the spread of /” alleles even when 
these are lethal in homozygotes (DUNN 1953), and unless the spread is opposed by 
other evolutionary forces, such as selection against heterozygotes +/t”, we should 
expect to find high frequencies of heterozygotes in those wild populations in which a 
i” allele is present. 

Additional wild populations in Connecticut, California, Texas, Vermont, Kansas, 
and Arizona have now been sampled, eight additional lethal alleles have been identi- 
fied, and their male segregation ratios determined. The results, reported in this 
paper, are in general agreement with those from the first seven alleles. In addition 
cross-tests of alleles from different populations have been made and the lethal alleles 
classified into groups, crosses between which produce viable compounds such as 
ated feed 


OBSERVATIONS 
Population Connecticut 2 


Collecting was begun June 2, 1955 in the grain room of the new horse barn of the 
College of Agriculture, University of Connecticut at Storrs, about a half mile from 


* Based on breeding experiments carried out at Nevis Biological Station, Irvington-on-Hudson, 
N. Y. under Contract A-T(30-1)1804 with the U. S. Atomic Energy Commission. 

+ With the assistance of Mary ANN DANN, ANDREW B. BEASLEY and HARRIET TINKER. The 
help of Dr. Matkrat Deot and Jonanna Deo in the later part of the work is gratefully acknowl 
edged. In the management of the colony, effective help was given by FRANK BURNETT, RICHARD 
BousFIELD, WALTER KLorEs, FitzjoHN PooLe, and RoBert E. STEPHENSON. 
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TABLE 1 


Testcrosses of wild mice from population Connecticut 2 by Brachy 


Offspring 


Parents _ 
Normal Brachy Tailless Total Litters 
5 wild 9 +/t""! 81 37 33 151 20 
2 wild G 14 12 26 
13 wild* 182 150 332 51 
1 wild 9 +/t""* 2 2 4 8 1 


* Members of two litters found in the feed room, fostered by domestic mothers and testcrossed 
with Brachys. 


TABLE 2 


Results of inter-se matings of tailless offs pring from four wild + /t* females from population Connecticut 2 


Offspring 


Wild ancestor Remarks 
Tailless Litters 

147 +/teH 44 14 16 with stump tails* 

148 + /te"! 149 44 

149 + /( 16 4 

150 + /t!! 173 46 

Intercrossest 84 20 

Total 466 128 Litter size 3.6 


- 


* Two with tails of half normal length, tested and found to be 7/t”. 
+ Tailless descendants of 150 X tailless from 147 and 148 and from 147 X 148 and 150. 


the campus. The barn is a cement building, relatively isolated. After the first four 
females had been tested and proved to carry a / allele, PROFESSOR LANDAUER of 
Storrs kindly continued the collecting, sending in single animals as trapped and two 
litters found in the grain room, which were fostered on domestic mothers in the labo- 
ratory. The results of testcrossing the captured animals by domestic Brachy females 
are given in table 1. The frequency of heterozygotes amongst individually trapped 
mice (excluding members of litters) gives a minimum estimate of five out of eight. 
The average litter size of the wild females mated with Brachy males was 7.4. Twenty- 
two litters born in the laboratory from matings of wild females by wild males yielded 
134 offspring, an average litter size of 6.1. 


Extraction of alleles 

Tailless offspring from testcrosses of each of the first four heterozygous females 
were tested in sibling matings. The results are shown in table 2. Tailless descendants 
of each wild female gave only tailless offspring with the exception of one pair mating 
from 2150 to be described later. When it was apparent from this balanced lethal 
behavior that each wild female transmitted a lethal / allele, intercrosses were made 
between tailless descendants of 147, 148, and 150. These also produced only tailless 
offspring, indicating that the lethal alleles in each of these wild females were probably 
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the same. This allele was designated as /""'. Litters from tailless matings averaged 3.6 
offspring at birth compared with 7.4 per wild female in the testcrosses. This is con- 
sonant with the expectation of 50 percent reduction in litter size from tailless matings 
due to segregation of two lethals, T and ’""'. 

One mating gave an exceptional result. This was a mating of tailless Fio‘’772 X 
tailless F; 9 773, siblings from testcross of 9 150 wild +/t” by Brachy. This mating 
yielded three litters consisting of eight tailless and six normal-tailed offspring, the 
result to be expected if 772 and 773 contained different ¢ alleles. o°772 was tested by 
known 7/t" females, and gave 29 offspring, all tailless. 9773 tested by a known 
T/t’" male gave seven tailless and two normal. This was interpreted to mean that 
772 was T/t"" while 9773 contained a different allele which was designated 
(8. The latter allele was extracted and found to be a new and different lethal. It 
appears then that 9 150 transmitted two different mutant alleles, /’" to the majority 
of offspring, /'* to at least one (2773). It is assumed that 9150 was +/?t”", and 
that a mutation to /’"* preceded the formation of at least one gamete. Such mutations 
have been found previously in balanced lethal stocks but this was the first identified 
from +/¢ and the first case in which it could be shown that the mutation had 
occurred in a female. If we had sampled this population after the occurrence of this 
mutation we might have found within it two different ¢ alleles, a condition which we 
have not yet observed. 

Two inbred stocks of 7/7’! have been established, one derived from 9 150 wild, 
and one from 9? 148 wild. 

One inbred line of 7//”® has been established. This has given 151 ‘ailless (litter 
size 3.3) indicating the presence of two lethals. 


Population California 1 


On June 23, 1955 we received from Dr. K. W. DE Ome, Cancer Research Labora- 
tory, Oakland, California, a shipment of mice descended from two pregnant wild 
females captured one in San Mateo and one in Marin County, California, and subse- 
quently inbred in confinement. Twenty-five of these produced offspring from test- 
crosses by Brachy as shown in table 3. One female ( # 259) descended from a female 
trapped in a salt marsh at Corte Madera, Marin County, produced tailless offspring. 
All others (17 descended from the Marin County female and three descended from 
the San Mateo County female) gave only normals and Brachys. The wild females 
gave an average litter size of 5.2. From the information available it is impossible to 


TABLE 3 


Testcrosses of wild mice from population California 1 X Brachy 


Offspring 


Parents 
Normal Brachy Tailless Total Litters 
13 wild 7 co 221 210 431 53 (8.1) 
11 wild 9 9 72 69 141 27 (5.2) 
1 wild 9 +/t? 4 8 7 19 3 


(9 259) 
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TABLE 4 


Testcrosses of wild mice from population Texas 2 by Brachy 


Offspring 


Parents 
Normal Brachy Tailless Total Litters 
1 wild @# 76 3 59 138 21 
2 wild 9 ¢ 23 8 13 44 7 


estimate the frequency of heterozygotes in the original wild population sample. If 
the allele isolated from the one female was derived from the wild ancestor and had 
not occurred by mutation after the population was confined, then the one animal 
taken from the wild was heterozygous, indicating a high frequency of the allele. 
Matings among the tailless descendants of 9 259 have given 418 tailless and one 
exceptional animal with a normal tail, dead at birth with microcephaly. This may 
have been a mutant or a homozygote of the ¢ allele from this population which is 
wl2 


obviously a lethal, designated /'*. The average litter size of the litters from matings 


between tailless animals was 3.9, indicating effect of two lethals T and ¢””. 
Population Texas 2 

In a garage in E] Paso, Texas, MARY ANN DANN trapped several wild house mice 
during the spring of 1955 and in July sent us three specimens all of which proved 
to be heterozygous for a / allele which we designated /*. We have no information 
on the size of the population from which they were taken, but since the only three 
animals tested were heterozygous, the allele may have been common. The testcross 
data are given in table 4. 

Inbred tailless lines were established from descendants of one male and one female. 
Each gave only tailless offspring, and crosses between the two lines gave only tailless, 
indicating probably the same lethal in each of the wild heterozygotes. A total of 
161 tailless offspring was recorded from the tailless matings with an average litter 
size of 3.6 


Population Vermont 1 


This population was found by Dr. M. T. M. Rizk and Miss HANNAH CROASDALE 
of Dartmouth College in a group of buildings on the Metcalf farm on Dutton Hill, 
Norwich, Vermont, and collections were begun in the autumn of 1952. Subsequently, 
in 1955, collecting was resumed with the cooperation of FRED E, and ABBrE METCALF 
and HARRIET TINKER. The ecological situation on this farm will be described in more 
detail later. At present we report the source of the animals tested as different rooms 
and buildings, since some of these by reason of separation by predators (cats) may 
be separate populations. The testcross data are in table 5. Out of 28 animals tested, 
two proved to be heterozygous, and tailless lines were established from each. The 
allele from the first of these was designated /*. Matings between tailless 7./t""™ 
animals produced 183 tailless and one exception with a normal tail, with an average 
litter size of 3.7. The ?’" allele is evidently a lethal, and the normal exception may 
be a mutant. 
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TABLE 5 


Testcrosses of wild mice from population Vermont 1 by Brachy 


Offspring 


Parents Location 4 ‘ 
Normal Brachy | Tailless Total Litters 
7 wild v7’ Horse barn 109 74 183 22 
1 wild 9 Horse barn 1 4 5 1 
1 wild # Kitchen 24 20 44 6 
3 wild 7A Grain room 57 80 137 19 
3 wild 2 9 Grain room 24 30 54 11 
1 wild # Cow barn 13 10 23 2 
1 wild 9 Cow barn 7 12 19 4 
3 wild 7A North cow barn 69 83 152 20 
3 wild 7A Hen house 68 46 114 16 
1 wild @ +/i"™ Hen house 12 2 11 25 2 
3 wild 9 9 Hen house 29 24 53 10 
iwild 9 +/*™ Wagon shed 21 13 7 41 9 
TABLE 6 


Testcrosses of wild mice from population Kansas 1 by Brachy 


Offspring 


Parents 
Normal Brachy Tailless Total Litters 
8 wild 7c 128 112 240 33 
1 wild #@ +/t”™ 4 5 9 1 
6 wild 2 ¢ 32 19 51 8 


The second allele found was designated /'®. Matings between tailless animals from 
this line have given 115 tailless (litter size 3.9) and one normal exception. The ("* 
allele is also probably a lethal, and as discussed in a later section may not be different 
from /!4, If this proves to be so, and if we consider the Metcalf farm as one popula- 
tion, then the allele frequency is two out of 28 tested, the lowest frequency yet found 
in any population. However, the question remains open until a population study is 
made. 


Population Kansas 1 

PROFESSOR J. A. WEIR of the University of Kansas sent us two samples of mice 
from a feral population in the State Game Preserve eight miles west of Lawrence, 
Kansas, one in January 1953 and one in November 1955. The testcross data on these 
are in table 6. 

From tailless descendants of the single heterozygote a tailless line has been estab- 
lished which has given 60 tailless offspring with an average litter size of 3.5. Appar- 
ently a lethal designated as /® has been isolated. But one tailless male which also 
obtained his ¢ allele from the original wild ancestor behaves in an exceptional manner, 
producing normal and tailless offspring when tested by six different 7/?’'® females, 
as though he contained a / allele different from /'®. This case is being studied further. 
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TABLE 7 
Testcrosses of wild mice from population Arizona 1 by Brachy 


Offspring 


Parents 
Normal Brachy Tailless Total Litters 
1 wild @ 67 66 133 19 
2 wild 9 ¢ 15 16 31 6 
1 wild 9 + (”" | 28 11 11 50 7 
TABLE 8 
Segregation ratios of wild heterozygotes 
Offspring 
Parents 
Normal Brachy Tailless Total 
+ &+/l T/+ T/t" 

6wild 99 +/t" X T/+ 83 39 37 159 
1 wild 9 +/i’? X T/-+ 4 8 7 19 
2 wild 99 +/tv® X T 23 8 13 44 
1 wild 9 +/t'® X T/+ 21 13 7 41 
1 wild 9 +/t’" & T/4 28 11 11 50 
Totals 159 79 75 313 
Expected (normal ratio 156.5 78.25 78.25 313 
1 wild # +/t"® X T/-+ 76 3 59 138 
1 wild ¢@ +/t’"' X T/+4 12 2 11 25 
1 wild 0 +/l®™ K T/-4 4 5 9 
Totals 92 5 75 172 
Expected (normal ratio) 86 43 43 172 


Population Arizona 1 
In February 1956 four wild mice were trapped in the studio of Mr. Ted De Grazia 
on the outskirts of Tucson, Arizona. The testcross data are in table 7. From the 
tailless offspring of the single wild heterozygote (+ //’'”) a tailless line has been de- 
rived which has given 114 tailless with an average litter size of 3.0. 


Male segregation ratio 

The segregation ratios of the /” alleles were estimated first from wild heterozygotes 
testcrossed by Brachy. The pertinent data are brought together in table 8. The data 
from female heterozygotes agree with the normal expectation and indicate a gametic 
frequency of .5+ and .5/". The data from male heterozygotes clearly do not agree 
with this but indicate a segregation ratio of .06 and .94 /", very close to the ratio 
obtained from wild male heterozygotes carrying any one of the first seven alleles 
(DunNN and SUCKLING 1956). 

Subsequently, samples of five tailless males (7//’") from each of the tailless lines 
were testcrossed with normal (+/+) females derived as segregates from our inbred 
Brachy stock. These gave the results shown in table 9. For comparison females from 
tailless lines were testcrossed with normal (+/+) males from the Brachy stock 
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Results of mating tailless | 


Male No. 
641 T/te! 
"1 Tf 
1129 T/peu' 
1130 T/te! 
1303 T /te™ 
651 T/iv®? 
652 T/r™ 
1154 T/t~" 
1195 7 /e°™ 
2210 T/t’™ 
1133 T /t" 
1415 7/t8 
1482 T/te 
1490 7 /t 
2179 T /pers 
2159 T/t 
2185 T/t# 
2207 T/t”! 
2158 T/t! 
1804 7 /t"! 
1805 7 /te® 
2540 T/te® 
2542 T/t 
2645 T/ts 
1912 T/t's 
2495 T/t’® 
2498 T /t6 


Total 
Percent 


* One tailless = 


(table 10). The 
normal segregation ratios, males uniformly gave great excesses of normal offspring 


Normal 


107 
103 
110 
107 

91 


90 


101 
93 
97 

114 


97 


94 
112 
96 
90 


96 
60 
82 
83 
90 


65 


15 


TABLE 9 
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t*) males individually with normal +/+ females 


Offspring 


Brachy 


—= mes ww UI 


T/+ by progeny test 


T) 


Normal 


393 


502 


392 


391 


107 


2303 
96.1 


Totals 


Brachy 


19 


40 


114 
3.9 


results were striking and consistent. Whereas females 7/t” gave 


which when progeny tested proved to be +//”. The average segregation ratio from 
T/t’ males can be estimated from the data as .04 T and .96 ?”. 


In tests made for another purpose wild males + //’'' derived from matings of wild 
+/t" females with wild +,/+ siblings were testcrossed with Brachy females. These 


gave 492 normal, 29 Brachy, and 421 tailless, an estimated segregation ratio of .06 


and .94 {" 


11 
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TABLE 10 
Results of mating tailless females (T/t*) individually with normal (+/+) males (combined results) 


Offspring 


Normal Brachy 
+- /z% T/+ 


2 oS F/T 187 184 


There seems little doubt that in wild male heterozygotes and in 7/?” males derived 
from wild heterozygotes all: /’’ alleles segregate in high ratios. There may be some 
variation amongst alleles—a study of these variances is under way—but the essential 
fact is the similarity of all wild heterozygotes and their immediate male hetero- 
zygous descendants. This is in striking contrast to the results obtained from male 
heterozygotes carrying / alleles which have arisen under observation in the laboratory 
or which have been maintained for many generations in the laboratory. Of these 
domestic alleles three (/°, /', /*) give high male ratios from .6 to .9 ¢; three (é, /, &) 
give normal ratios of about .5 ¢; while three ((, /°, /'°) give low ratios of .35 to .45 1. 
One difference between the domestic and wild populations is that the latter have been 
subjected to selective forces which operate on wild populations; the former have 
for some generations been removed from these conditions. This suggests that the 
relative uniformity of the segregation ratio of different alleles in wild populations is 
in part at least a result of natural selection. This hypothesis will be tested in future 
experiments. 


Differences between t alleles from different wild populations 

Two classes of alleles from different wild populations are readily differentiated: 
those which are viable when homozygous, and those which are lethal. Of the first 
seven alleles tested (DUNN and SuCKLING 1956) five were lethal and two viable. In 
the present sample of eight, all are lethal. 

A test is available which when positive is competent to indicate that lethal alleles 
derived from different wild heterozygotes are different. The test depends on the 
viability at birth of some of the compounds containing / alleles derived from balanced 
lethal lines. Thus tailless animals from the inbred line 7’//° mated to tailless from the 
line 7/t' (of independent origin) produce some viable normal-tailed animals which 
can be shown to be /°//' (DUNN and GLUECKSOHN-SCHOENHEIMER 1943). This com- 
plementary interaction in compounds from which both balanced lethal lines can be 
recovered, is taken to indicate that the alleles, such as /° and /, are different. 

There is no comparable test by which two lethal alleles of independent origin can 
be proved to be the same. If crosses between two balanced tailless lines, such as 
T/t® and T/t* yield only tailless offspring at birth, it may mean that the compound 
t/t" is lethal before birth. Difference in such a case could be proved only by identi- 
fying the compounds during embryogeny or by demonstrating differences between 
the two kinds of homozygotes, and such methods have not yet been applied routinely. 

Lethal alleles may therefore be classified into those which give viable normal-tailed 
progeny in compounds and those which have not given such progeny at birth. The 
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TABLE 11 


Results of cross-testing tailless animals from different balanced lethal lines. Number of tailless progeny is 
in Roman (above); normal progeny initalics (below); in bold face are given the number of tailless progeny 
when no exceptions have been found in fifty or more offspring 


T gel T/t* 3 T yes T/t”6 iy geil T/t® 12 9 pels T/rera T/tes 7 pele T/(17 


T/t 91 17 36 4 73 20 17 13 6 

20 17 4 9 16 8 6 

T /t'3 9 19 6 116 7 5 12 7 

§ 13 9 1 4 17 2 

T /t"5 121 40 9 36 60 11 16 

7 

T /t6 34 45 24 13 21 15 
T/te a 5 : : : 

5 52 51 29 31 55 

T /t'2 36 10 9 15 12 

25 11 6 4 4 

T pers 33 7 56 
T/t@ 8 53 


data are at present incomplete, since because of the infertility frequently found in 
tailless animals cross-tests must be made in large numbers and over a long period. 
But the data available now (shown in table 11) are adequate to reveal one new and 
interesting point: the tendency of lethals from different populations to fall into groups. 
Within each group, alleles have not formed compounds viable at birth; whereas 
alleles belonging to different groups do form viable compounds with normal tails. 
Thus it is clear from the table that /”’, /’*, and ¢”” fall in the same group (group 2). 
In intercrosses between lines carrying any of these alleles only tailless young were 
found at birth. The number of these (280) makes it highly probable that compounds 
viable at birth do not occur. Moreover the behavior of these lines in crosses with 
members of other lines is similar and consistent. Thus /”", /’’, and /” all form viable 
compounds with 7”, f°6, gel, fl, gel, ¢el®, and ¢”™, Preliminary evidence indicates 
that ¢", ¢*, and ¢”? form similar homozygotes which die in the period between 11 days 
of gestation and birth. All are retarded in development, have normal tails, and have 
microcephaly and other head abnormalities. Similar normal-tailed animals with 
microcephaly have been found dead at birth in tailless lines T/t’!, T/t® and T/t"” 
and only in these. These alleles are thus very similar and may be identical. 
Similarly /° and /’® belong to the same group (group 3) showing no compounds 
at birth in 121 test progeny, both give viable compounds with /”, ¢’’, and ¢”, and 
only with these alleles. To the same group also belong ?’", /8, fe, ¢6 and ¢". 
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The /”'® allele appears to belong to group 3, since it gives viable compounds with 
group 2, none with group 3. Of /"'* it can be said at present that it does not belong to 
group 3. The viable alleles (/", /"’, ¢’*) are assigned to group 1. 

A preliminary classification of alleles would be as follows: Group 1, ¢’? (New York 
City), /’? (Austin, Texas), /’® (Rumford, Va.); Group 2, ¢’! (New York City), 7’ 
(Mystic, Conn.), /’ (Marin County, Cal.); Group 3, ¢’”® (New York City), /'°6 (Sara. 
sota, Fla.) ¢”" (Storrs, Conn.), /“' (El Paso, Texas); /’'* (Norwich, Vermont), ¢'® 
(Lawrence, Kansas); ¢’!® (Norwich, Vermont), and /"" (Tucson, Arizona; Group 
unknown, /“'S (mutant in stock from Storrs, Conn.). 

No obvious geographical relationships appear to connect members of the same 
group or to differentiate members of different groups. 

Two relationships are of special interest. /’* and /'® were isolated each from a 
heterozygote taken in adjacent buildings on the same farm. To date crosses between 
these two lines have given no viable compounds at birth, and the alleles may be 
identical, perhaps drawn from the same population. The allele ¢’* arose as a mutant 
in a wild female shown to be +/¢”"'. This indicates a possible mechanism by which 
two different alleles might be present in the same or neighboring populations. 


Other alleles 


Three other alleles have been found but are not reported here. ANDREW BEASLEY 
has isolated a viable allele, /’’, from collections made in Rumford, Virginia, and this 
will be reported separately by him. A wild mouse trapped in Tiemann Place, New 
York City by Dr. DoroTHEA BENNETT proved to be a heterozygote, and a line con- 
taining this allele was isolated as 7’/t’”®. Subsequently doubt arose whether the animal 
from which the allele was isolated was in fact the animal brought in by Dr. BENNETT, 
and the line was discarded. The designation /"° was reserved for an allele isolated by 
TuTIkAWA (1954) from a population near Missima-Sen, Japan. This and several 
other alleles found in Japan are being studied further by Tutrkawa. There is no 
information at present on their relations to each other or to alleles from American 
populations. 

Several other wild populations in the United States have been sampled and have 
as yet yielded no additional heterozygotes. Except for one sample of 28 animals 
tested from Great Gull Island in Long Island Sound, the samples tested are too small 
to constitute evidence against the occurrence of / alleles in them. The feral popula- 
tion on the uninhabited and isolated Great Gull Island is at present the only adequate 
sample which has yielded no heterozygote. The negative data will be reported later. 


DISCUSSION 

(Questions of primary interest on which this report may shed some light concern: 
(1) the frequency of heterozygotes in wild populations; (2) the ratio of lethals and 
viable ¢ alleles found in the wild; (3) whether a single wild population contains more 
than one allele; (4) the distribution of ‘‘male segregation ratio abnormality” in the 
different wild and laboratory populations; (5) identity or difference of alleles in 
different populations. 

1. Concerning the first point our information is still inadequate. There are two chief 
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difficulties in reaching estimates of heterozygote frequency. One is lack of essential 
ecological information on what constitutes a population in either a geographical or 
genetic sense. The other is our failure to get adequate progeny from many wild 
females which frequently produce only one or two test litters in the laboratory, 
so that they often cannot be classified decisively as to genotype. In addition, many 
wild females do not breed at all in the laboratory, and if (as suggested by the pre- 
liminary evidence of DUNN and SucKLING 1955) the genotype + //” is more likely 
to be fertile than +/+, then the frequencies of +/+ and +/t’° amongst those that 
do breed may give an overestimate of + //’" frequency. The data on the seven alleles 
of this report which were found directly in wild heterozygotes indicate that 13 hetero- 
zygotes were found out of 29 trapped animals tested. If we assume, pending further 
study, that animals trapped in the same station belong to the same population, then 
nearly half the members of these populations are heterozygotes. This is similar to the 
estimate reached by LEVINE and Dunn (1956) for one large enclosed wild population 
which had been bred for several years in the laboratory. Perhaps the best statement 
at present is that heterozygotes in wild populations are more likely to be common 
than to be rare. 

2. At present, 13 lethal alleles have been isolated from wild heterozygotes (alleles 
wil, 3, 4,5, 6, 11, 12, 13, 14, 15, 16, 17, and 18) and only three viable alleles (w2, 7, 
and 8) which are male-sterile. This ratio is quite different from that found in domestic 
populations maintained in the laboratory. Of the latter six are lethal (0, 1, 2, 4, 9, 
12, 14) and five are viable (3, 7, 8, 11, and 13) and male-fertile. The difference may 
be due to wild mice heterozygous for a lethal being favored by natural selection in the 
wild, but not in the laboratory, a point which is being studied. The sterility of males 
homozygous for viable wild alleles lowers the adaptive values of such alleles and 
allows them to be treated in respect to their evolutionary fate, like the lethals. 

3. As to whether more than one different allele occurs in any one wild population, 
the evidence is at present negative but not decisive. What appears to be the same 
allele was found in all five wild heterozygotes of population Connecticut 2, and in all 
three from Texas 2; other alleles were found in single wild heterozygotes. In the first 
series of alleles (DUNN and SucKLING 1956) four heterozygotes of Texas 1 appeared 
to have the same allele; /' and /’? were found in an enclosed population originating 
from two wild sources; others were from single wild heterozygotes. If, as is probable, 
new wild alleles arise by mutation in populations containing an antecedent / allele 
(as in the case of ¢S reported here), then occasionally two different alleles should be 
found in the same population. 

4. The “male segregation ratio”’ abnormality is apparently a common property of 
all ¢ alleles, both lethals and viables, found in wild populations, in this as in the pre- 
viously reported sample of alleles from the wild. Whether this property is inherent in 
the locus or whether it is conferred upon it by the rest of the genotype cannot be 
decided at present. The fact that this property is not common to alleles arising by 
mutation in laboratory stocks not exposed to selection in nature suggests that the 
latter alternative is more probable. A useful hypothesis at present is to suppose that 
mutation to a / allele predisposes the locus to influences of other genes upon the male 
segregation ratio. 











310 L. C. DUNN 


5. The comparison of alleles from different wild heterozygotes is obviously in a 
preliminary state. It is at any rate clear that the present sample of eight lethals 
includes several nonidentical alleles from different populations. Amongst all wild 
alleles, a minimum of three groups of nonidentical alleles exists; one group of three 
viables and at least two groups of lethals. It is not proved that the members of the 
same group are identical. It is not excluded that all 15 reported in this and the pre- 
vious paper in this series are nonidentical. When to these are added the 11 studied 
from laboratory populations and the first described allele 7, the potential complexity 
of this locus becomes evident. 

It is probable that the structure of a locus which includes many sites of mutation 
is causally related to its function in development and its role in the evolutionary 
differentiation of wild mouse populations. It is to the elucidation of the relationship 
of these three aspects of this locus that future work is to be directed. 


SUMMARY 


1. Eight additional lethal alleles at locus T are described, each derived from a wild 
heterozygote in one of six different wild populations. 

2. The frequency of heterozygotes appears to be high in most wild populations, 
possibly as high as 50 percent. 

3. In two of the populations in which several heterozygotes were found, the same 
allele was isolated from each heterozygote of the same population. One heterozygote 
was found in each of two subpopulations on the same farm. These two alleles have 
not been shown to be different. One wild heterozygote from another population trans- 
mitted two different alleles; probably one was a new mutant, giving rise to the possi- 
bility that more than one allele may occur in the same population, although the rule 
at present is to find but one type of variant allele per population. 

4. All wild ¢ alleles show the ‘“‘male segregation ratio peculiarity” by which male 
heterozygotes transmit the / allele to a great majority (about 96 percent) of the 
offspring. This may be due to the effects of natural selection on factors favoring high 
transmission ratios. 

5. ¢ alleles from the wild fall into at least three groups, one with three viable alleles, 
and two groups of lethals. Lethals within the same group have not formed viable 
compounds when combined; lethals belonging to different groups do form viable 
compounds by complementary interaction and are thus shown to be nonidentical. 

6. Since 29 alleles have now been detected at this locus, many of which are non- 
identical, the locus is assumed to contain many sites of mutation and to have great 
potential complexity. 
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ARIEGATION is a widespread phenomenon attributed to various mechanisms 
observed or inferred in a variety of experimental organisms. Plastid variation and 
the behavior of such variants in somatic divisions accounts for chlorophyll variega- 
tion in Zea, Mirabilis, Primula, Pelargonium, Oenothera, Hordeum and Oryza, (see 
RHOADES 1946, for a revealing evaluation). Genic instability and the recurrence of 
somatic mutation, usually to the dominant allele, has been postulated as the under- 
lying mechanism for color variegation in Zea, (EMERSON 1914; RHOADES 1938), 
Delphinium (DeMEREC 1931; DAwson 1955) and Drosophila (DEMEREC 1941). 
Instability of the phenotypic expression of genes as a result of position effect has 
been shown to account for mosaicism in Drosophila (Lewis 1950) and for flower color 
variegation in Oenothera (CatcHEsIDE 1947). In maize, genotypically controlled 
stickiness of the chromosomes was found to be associated with striation of chloro- 
phyll-free tissue (BEADLE 1937). Somatic variegation associated with gynandro- 
morphism has been explained as resulting from the loss of an X chromosome in 
Drosophila (MORGAN and BripGEs 1919), or from the occurrence of polyspermy in 
Lymantria (GoLDscHMipT 1934) and in Sciara (Metz 1938). Somatic crossing over 
has been inferred by STERN (1936) and by PoNTEcoRvo (1953) to account for the 
phenomenon in Drosophila and in Aspergillus, respectively. The somatic behavior 
of ring chromosomes in maize (McC Lintock 1932) and in Drosophila (MorGAN 
1933) and the breakage-fusion-bridge cycle of experimentally produced dicentric 
chromosomes in maize (McCLtntock 1938, 1941), are conditions in which variegation 
follows an orderly atypical behavior of chromosomes. The genotypic control of such 
chromosomal misbehavior has also been demonstrated by MeC.intock (1951) in the 
phenomenon of dissociation and transposition in maize, variegation for several 
characters being effected (McC Lintock 1956; BRINK 1954). 
This paper describes another case of variegation, associated with interspecific 
hybridity and attributed to the mitotic behavior of spontaneously occurring dicentric 
chromosomes, the mode of origin of which appears to be a novel one. 


MATERIAL AND METHODS 


A highly inbred Red Russian race of Nicotiana tabacum (U.C.B.G., 06-25) n = 24, 
homozygous for wh (white flower color) was used in hybridization with V. plum- 
baginifolia (U.C.B.G., 07-9) n = 10, and with .V. longiflora (U.C.B.G., 28-7) n = 10, 
a species closely related to \V. plumbaginifolia. The latter was used to the limited 
extent of observations on the morphology of the hybrid. 

1 Present address: Scripps Institution of Oceanography, University of California, La Jolla, Cal 
lfornia 
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The sesquidiploid hybrid fabacum-tabacum-plumbaginifolia, made by PROFESSOR 
R. E. CLAUSEN through the pollination of a tetraploid .V. fabacum homozygous for 
wh by a diploid \V. tlumbaginifolia, was used in a series of backcrosses to wh/wh 
diploid .\V. tabacum for the study of genetic transmission and for the introgression of 
a purple flower factor into .V. fabacum. Developmental and cytological observations 
were aiso made on the F; hybrid and on the amphidiploid .V. plumbaginifolia X 
\. tabacum in addition to the sesquidiploid hybrid. 

Cytological observations of PMCs were made on aceto-orcein smears of fresh 
anthers. Aceto-carmine smears of anthers fixed in 3:1 absolute alcohol-acetic acid 
were used for observations on the meiotic pachytene. Root tips and young sepals, 
fixed in Carnoy’s 3:1, were hydrolyzed for ten minutes in 1N HC! and washed prior 
to maceration in a drop of aceto-carmine for mitotic studies. Anaphase bridges were 
counted in root tips from longitudinal sections. Root tips fixed in RANDOLPH’s (1935) 
CRAF solution with 0.05 percent alkanol added, were embedded in paraffin accord- 
ing to RANDOLPH’s procedure. The paraffin blocks were sectioned and the sections 
stained according to Stockwell’s modification of Flemming’s triple stain with the 
omission of Orange-G. The stained sections were mounted in ‘‘Permount”. 


RESULTS 
Developmental aspects 


All levels of hybridity involving \. /abacum with either species, \. plumbaginifolia 
or V. longiflora, resulted in an adequate number of viable seeds that showed no 
difficulty in germination. Seedlings developed normally for about two weeks. How- 
ever, at a stage shortly after the development of the first pair of leaves, when seed- 
lings were about one centimeter high, growth was markedly retarded. This stage of 
slow growth led to the formation of dwarf (2-4 cm) rosette plants with crinkled 
leaves. The root system showed a marked degeneration. Seedlings remained in the 
dwarf state for as long as one to six months without much appreciable growth. Mean- 
while occasional plants resumed a more normal rate of growth and reached maturity. 
With the reduction in number of plumbaginifolia chromosomes through successive 
back-crossing to /abacum, the dwarf period was markedly reduced. Tabacum plants 
with as many as five extra plumbaginifolia chromosomes were equivalent to normal 
tobacco in their norm of growth. 

Both NV. plumbaginifolia and .\. longiflora are basically white-flowered. Yet all 
hybrids involving white-flowered tobacco with either of these species invariably 
resulted in variegated flowers which showed white streaks on purple background, 
(figs. 1 & 3). Calyx and unopened anthers also showed purple-green variegation. The 
overall distribution pattern of color differed from normal carmine tobacco in its 
extension over the whole length of the floral tube on the outside, in contrast to its 
restriction to the upper third of the tube in normal tobacco. The relative area of the 
white streaks varied greatly between plants as well as within plants from one flower 
or branch to another. Yet, this white area increased very definitely with the progres- 
sive formation of flowers. One plant (50438p9) kept in the greenhouse over a period 
of two years, produced white flowers exclusively during the last six months of the 
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FicurE 1.—Three variegated flowers from an unstable second backcross plant exhibiting differ 
ent degrees of white streaking. Scale on figure represents millimeters. 

F'iGuRrE 2.—A self-colored flower from a second backcross progeny stable plant. 

Figure 3.—A variegated flower from an F; hybrid: N. plumbaginifolia X N. tabacum, about 
normal size. 
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period. Cutting the plant back made it revert to the formation of variegated flowers 
again. Since flower color is cell limited, and cell lineages in the tube of the corolla are 
easily discernible, it was possible to observe that there was no reversion to color in 
the white sectors. 

It follows then, that the appearance of color is the result of complementary genic 
contribution by the species involved in hybridization, and that the purple-white 
variegation is the outcome of a systematic loss of color in the course of development 
rather than the occurrence of color patches on white flowers. 


Inheritance 


The first backcross generation of the sesquidiploid hybrid fabacum-labacum-plum- 
baginifolia X 2n N. tabacum wh/wh was obtained by PRoFEssor R. E. CLAUSEN and 
consisted of plants with white, variegated and fully colored flowers in a ratio of 
26:7:1 respectively. All seven variegated segregants were subsequently backcrossed 
as females to wh/wh tabacum. Third backcross populations of some variegated segre- 
gants were also obtained (cf. table 1). 

Of immediate interest is the occurrence of segregants with stable fully-colored 
flowers hitherto called self-colored. The distribution of color in these flowers comprised 
the general area seen in the variegated type, i.e., the whole length of the corolla, 
(fig. 2). Color distribution appeared to be uniform but close examination of such 
flowers on different plants revealed the rare occurrence of faint white spots or narrow 


TABLE. 1 


Segregation for flower color in the second and third backcrosses of variegated plants to N. tabacum wh/wh 


Population number Seve ponds te pry White Variegated Self-colored 
B.c.2 
50432, 51531 23” +2’ +f 85 
50433, 51532 2 + 1’ 84 
50434, 51533 ? 89 2 1 
50435 23” + 4 40 3 1 
50436 23” + 3’ +1 37 1 
50437 24” + 2 36 2 
50438 24" + 5’ +f 39 2 
Total 410 10 2 
B.c.3 
51537 24” + 1’ 49 1 
51538 24” + 1’ +1 44 4 
51539 24” + 1’ 50 
51540 23” + 2’ +1 49 1 
Total 192 6 0 
*52417 22” + 4’ 29 1 9 


* Ratio at variance with other populations. ”—Bivalent. ‘—Univalent. f—Fragment 
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TABLE 2 


Segregation for flower color in crosses of self-colored plants 


Chromosome no. of plant 


Population number determined at Ml White Self-colored 

B.c. as female to wh/wh tabacum 

51536 23” + 2 31 15 

52415 23” +2 27 16 
B.c. as male to wh /wh tabacum 

52416 23” 4-2’ 49 1 
Selfing 

51535 23” + 2 32 14 

52413 23” + 2 30 16 

52414 23” +2 24 21 


streaks. Self-colored plants maintained for different lengths of time up to two years 
or more showed no reversion to the unstable variegated condition. The developmental 
stability of these plants was also manifested in their transmission of the character 
both on selfing and on backcrossing. Only self-colored and white flowered plants, 
but no variegation, resulted from such pollinations (cf. table 2). Furthermore, they 
indicate that the stability of these plants is associated with the introduction of a 
unit color factor into the /abacum complement, presumably through occasional pair- 
ing and crossing over between the plumbaginifolia chromosome (carrying the factor) 
and a fabacum chromosome. The backcross ratio, though deviating significantly 
from an expected 1:1, is nevertheless indicative of introgression. It is much higher 
than the transmission of a univalent, (about 20 percent), and the discrepancy ob- 
served is attributable to the deficiency of a /abacum segment in the introgressed 
chromosome, effecting its lower transmission. This interpretation is substantiated 
by the result of the reciprocal backcross where the differential transmission is further 
magnified (table 2 cross no. 2). This result is also in agreement with our knowledge 
of the characteristics of transmission in the male and female gametophytes in mono- 
somics, and in deficiency and translocation heterozygotes. Cytological observations 
on these plants furnishes additional evidence for this interpretation. The most fre- 
quent MI association was found to be 23” + 2’. Occasional plates with 24”, but with 
one loose or heteromorphic pair, were also observed with varying frequencies in 
different plants. 

While the transmission ratio of variegation is much lower than can be attributed 
to a simple genic segregation, it is also much lower than the transmission ratio 
expected of a chromosome in the univalent condition; at least so far as the available 
genetic data for the transmission of a normal alien chromosome in /abacum (about 
20 percent, Cuu 1954), or the frequency of the elimination of a single chromosome in 
monosomics (about 75 percent, OLMo 1935) are concerned. There was no transmis- 
sion through the pollen. Self-fertilization of a variegated plant and its use as a pollen- 
parent in a cross to a self-colored plant which was obligatorily heterozygous for wh, 
resulted in no variegated progeny in a population of 241 plants. In view of the sim- 
plicity of the genetic nature of color determination deduced from data on self-colored 
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plants, these data point again to a definite tendency toward loss of the color factor 
during the reproductive cycle, much as the developmental observations indicated 
in the course of successive somatic cell divisions. Preliminary cytological observations 
by Dr. D. R. CAMERON on six of the variegated segregants of the first backcross 
generation revealed complications such as the presence of fragments in MI, which 
also suggests that loss of color is through chromosomal instability and calls for a 
closer cytological study in seeking an explanation for the repeated loss of a color 
factor as suggested by the genetic data. 


Cytology 


Mitolic behavior. Observations on mitosis in root tip sections and smears in the 
hybrids as well as in some backcross segregants, revealed a range in the frequency 
of anaphase bridges (table 3, figs. 4, 5, 9, 10 & 11). Fragments (fig. 10) and mitotic 
micronuclei (fig. 7), were also observed. The occurrence of micronuclei could be 
explained on the basis of the exclusion of acentric fragments, although they may be 
the result of lagging whole chromosomes, normal or dicentric. These observations 
led to the visualization of a sequence of events leading to the origin of anaphase 
bridges. The possible origin of these bridges was traceable to a relative lag in the 
poleward movement or in contraction of occasional anaphase chromosomes (figs. 
6 & 8). The subsequent formation of the cell plate and the development of the cell 
wall deleted fragments of such chromosomes by pinching off a distal segment, result- 
ing in anaphase chromosomes with broken ends. It has been postulated that sister 
chromatid union of broken ends leads to the formation of dicentric bridges in the 
subsequent anaphase. Twenty-one cells showing lagging chromosome arms caught 
in the newly formed cell plate were observed during the course of this study. This 
frequency is quite low compared to that of dicentric bridges (see below). Therefore, 
it was concluded that once a dicentric bridge is formed, it undergoes the breakage- 
fusion-bridge cycle (McC intock 1941) in subsequent divisions. The extent of the 
continuation of such a cycle and the possibility of healing of broken ends was not 
possible to determine. 

Although no detailed study of change in size of the dicentric chromosomes has been 
made, very short bridges have occasionally been observed in roots that otherwise 
showed long bridges. Such changes in the length of the bridge further indicate the 
operation of the breakage-fusion-bridge cycle. They also show that breaks may occur 
in places other than the fusion point of a previous cycle. The visual indication of 
unequal breakage could also be seen in the position of some short bridges with respect 
to the forming cell wall (figs. 4 & 4a) which, furthermore, suggests a mechanism for 
the elimination of the dicentric chromosome from one or both daughter nuclei and 
may account for the larger micronuclei observed. An elimination of this kind leads 
to a change in chromosome number in some cell lineages. No attempt was made to 
verify such variability by somatic counts yet some variability was reflected in counts 
obtained at the first metaphase of meiosis. Double bridges have occasionally been 
observed (fig. 9 & table 3). Their occurrence in roots that showed a single bridge per 
anaphase stage could be partially attributed to the inclusion of a dicentric in one 
daughter nucleus. This behavior has been observed in Narcissus (DARLINGTON and 
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Figures 4-11.—Photomicrographs of root tip preparations in some unstable plants. Figures 4 
& 5 are from sections; figures 6-11 from smears. All figures are ca. X 1200. 

FicureE 4.—A short dicentric bridge, note position of bridge in relation to the newly formed cell 
plate. 

FiGURE 4a.—A sketch of the dicentric in figure 4. 

Figures 5 & 11.—Anaphase bridges. 

FicurE 6.—A complete chromosome lying as a laggard along the axis of the spindle figure and 
between the two telophase groups of chromosomes. 

FiGuRE 7.—-Somatic micronuclei in interphase cells. 

FicureE 8.—An anaphase cell exhibiting cell plate formation across a lagging chromosome arm. 

FiGURE 9.—Two somatic bridges in a cell at telophase. 

FiGurE 10.—Two adjacent cells, of common lineage, the cell to the left exhibiting a chromosome 
fragment; at right a bridge in late telophase. 
WyLteE 1952) and its occurrence here is highly presumptive especially in view of a 
lack of observable reduction in length in these double bridges, as might be expected 


on the above mentioned premise. 
Considerable variability in the frequency of anaphase bridges among the roots of 
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a given plant has been observed. This has been true for the hybrids as well as for the 
backcross segregants. However, the relatively limited data available indicate that 
the variability among the roots of the F; hybrid and in the sesquidiploid is less than 
that of the backcross segregants (table 3). This observation suggests a possible nega- 
tive correlation between such variability and the number of extra plumbaginifolia 
chromosomes present, should bridge formation be restricted to the chromosomes of 
this species exclusively. Further information has been obtained by the presence of 
mitotic bridges in white-flowered backcross plants with one extra chromosome. 
Table 4 shows the results of such examinations in five different populations. The 
occurrence of bridges in.these plants and their absence in sib plants that were reduced 
to the 24” condition, furnishes evidence for the restriction of bridge formation to the 
plumbaginifolia chromosomes. Since the probability that the extra chromosome in 
these plants is the same is very low, (1/5)° to (1/2)°, evidence is furnished for the 
participation of at least several plumbaginifolia chromosomes in bridge formation. 
Yet, the quantitative data presented for plants with extremes in the number of 
extra chromosomes are not sufficiently meaningful in this respect. Nor are the data 
on the frequency of multiple bridges informative in this connection. As a point of 
conjecture, the inequality of chances of occurrence of the bridging event in different 
chromosomes may be assumed and more extensive data on tissues under equivalent 
developmental conditions may prove more meaningful. Observations on radicles of 
F, hybrid seeds fixed 24, 48 and 96 hours after germination, were attempted in this 
connection and were limited to 56 anaphase figures; no bridges or indications of their 
occurrence were seen. 

Self-colored plants examined for somatic bridges showed the frequencies recorded 
in table 4. The association of relative somatic stability with the absence of extra 
chromosomes in these plants probably is significant. 

Examination of PMCs for meiotic behavior in anther smears revealed the occa- 
sional presence of bridges in the nonsporogenous tissue included in the smears. 
Preparations of smears of ovaries and of sepals were made from a number of varie- 
gated plants and the occurrence of somatic bridges was noted. The material did not 
prove good enough for an extensive study of bridge formation and no information 
aside from the occasional observation of bridges was obtained. 

Somatic bridges were rarely observed in normal tobacco where the examination of 
1341 anaphase stages in 27 root tips showed one single bridge only. A total of 369 
anaphase figures in plumbaginifolia revealed no anaphase bridge either. 

Meiotic observations. Meiosis in the hybrids and in the backcross progeny of the 
sesquidiploid hybrid, revealed various abnormal features. Fragmented chromosomes 
at MI and AI have been observed (figs. 12, 13, 14, 15, 16 & 17). These occurred with 
varying frequencies as seen in an F; hybrid where two buds showed no fragments, 
one showed a single fragment in seven cells out of 152 PMCs studied, and another 
bud showed two cells with three fragments, eight with two fragments each and 36 
cells with one fragment each, out of a total of 293 cells observed. Occasional varia- 
tion in the size of fragments within a bud has been observed (figs. 12 & 13). Since 
pairing between the chromosomes of the two species involved is very low, and frag- 
ments were seen in the metaphase stage, it appeared unlikely that these fragments 
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TABLE 4 


The frequency of anaphase bridges in some nonvariegated plants 


Plant number Meiotic association Total anaphase ——— he oe 
White-flowered 
51533p11 24” + 1’ 237 13 5.4 
51537p15 24” + 1’ 189 21 11.3 
51537p21 24” 222 0 0.0 
51538p50 23” + 3’ 614 75* 2.3 
(4 51539p15 24” +f 332 14** 4.2 
@ 51539p18 24” + 1’ 161 12 toa 
51539p32 24” 277 0 0.0 
51540p8 23” + 3 484 34 6.8 
Self-colored 
51533p48 23” + 3 f 191 29* 15.2 
51535p7 23” + 2 420 0 0.0 
51535p11 23 2 466 1 0.4 
51535p17 23” + 2 735 1 0.1 
51536p2 24”; 23” + 2 502 0 0.0 


{—Fragment. 
Represents a cell with two bridges. 


(a —Variegated female parent with 24” + 1’ also. 


were the result of crossing over within inversion loops. Examination of PMCs at 
early prophase showed the occurrence of micronuclei and of isolated pachytene 
chromosomes which implied a probable dicentric structure (figs. 20, 21 & 21a). These 
observations relate the formation of MI fragments to the mitotic cycle of dicentric 
chromosomes. The elimination of a dicentric chromosome in the mitotic division 
immediately preceding PMC formation would result in a micronucleus in the meio- 
cytes. It appears that these micronuclei may undergo a meiotic prophase and become 
included in the major nucleus where they appear as fragments in MI. 

Bridges at first and second anaphase were also observed (figs. 18 & 19). Twelve 
AI bridges and five AII bridges were seen in one bud of an F, hybrid. The bridges 
occurred in several variegated plants examined. Each had extra plumbaginifolia 
chromosomes in addition to the diploid /abacum complement. They were not seen 
in self-colored plants where the chromosome number was reduced to 23” + 2’ or 
24”. The presence of these bridges cannot be attributed to crossing over in an inver- 
sion heterozygote, in view of the fact that little pairing takes place in the F; hybrid 
and the association of pairs is by single chiasma. Crossing over within an inversion 
would not account for the high frequency of bridges nor would it account for the 
occurrence of bridges in the second anaphase. Furthermore, bridges observed in 
plants with one or two extra chromosomes were not associated with fragments, as 
would be expected had crossing over been the underlying mechanism. It would thus 
appear that meiotic AI bridges are the consequence of the mitotic ones, where inclu- 
sion of dicentric chromosomes or of chromosomes with broken ends would explain 
their occurrence. The origin of AII bridges remains an open question. The formation 
of AII bridges could be the result of the continuation of the breakage-fusion-bridge 
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FicurEs 12-21a.—Photomicrographs of PMC smears from unstable plants. All figures are ca 
X 1200 unless indicated otherwise. 

Ficures 12, 13, & 14.—A single fragment in cells from the F; hybrid: N. plumbaginifolia & N. 
tabacum. 

Figure 15.—A chromosomal fragment at T1 in the sesquidiploid hybrid tabacum-tabacum-plum- 
baginifolia. 

Ficures 16 & 17.—MI fragment in a side view (16) and a polar view (17) in a plant with the 
chromosomal constitution 24” + 1’ + f;s = single (univalent); f = fragmentary chromosome. 

FicuRE 18.—Two AI bridges seen in MII and several lagging univalents in an F; hybrid: N. 
plumbaginifolia X N. tabacum. 

Figure 19.—Two AI bridges seen at AIT; an AIT bridge and several lagging univalents in an F; 
hybrid: N. plumbaginifolia X N. tabacum. 

FiGure 20.—A micronucleus in a PMC in the interphase stage 

Figures 21 & 21a.—Meiotic prophase with an excluded chromosomal element interpreted as a 
dicentric chromosome that exhibits pachytene pairing (enlarged ca. X 3600 in fig. 21a), the dicentric 


is assumed to be a micronucleus, as in figure 20, undergoing a meiotic prophase. 
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cycle following the first meiotic division, as shown in maize (McCLInTock 1941), or 
could be due to an effective nondisjunction of the two centromeres of a dicentric 
univalent chromosome in the first division. 

The fate of dicentric chromosomes subsequent to meiosis and the extent of their 
contribution to the gametes, remains cytologically undetermined. However, the 
observation of individual white-flowered plants with 24” + 1’ or with 24” + f in 
the backcross progeny of variegated plants with 24” + 1’ (foot note, table 4), indi- 
cates the transmission of bridge products through the female gametes. 

Other abnormalities observed were the presence of heteromorphic loose pairs or 
of singles exhibiting different sizes in plants showing 23” + 2’. These heteromorphic 
chromosomes were seen both in self-colored plants and in variegated ones. They are 
attributed to occasional crossing over in allosyndetic associations. One observation 
has been made during the course of routine chromosome counts in which definite 
counts of 24” + 1’ and of 24”, were made in a single “variegated” bud. Aside from 
this variable count and the observation of different frequencies of fragments between 
buds, no chromosomal difference was discernible between white and variegated 
flowers in the same plant. The independence of the sporogenous tissue from the 
epidermal layer which is associated with flower color, would not permit the imme- 
diate detection of tissues correspondingly similar in nuclear constitution. RHOADES 
(1948), however, could associate mosaic sectors in Maize with the loss or decrease in 
size of a telocentric chromosome responsible for variegation. 


DISCUSSION AND SUMMARY 


KostorrF (1943) cites in his book several instances of flower color variegation in 
interspecific hybrids in the genus Nicotiana. He makes the general observation of 
the prevalence of variegation in hybrids between any one of several distantly related 
species and members of the A/a/a group to which V. plumbaginifolia and N. longiflora 
belong. Keur and Smirx (1952) report flower color variegation, similar to that re- 
ported in this paper, in hybrids involving .V. glauca with either \. glutinosa or 
N . bigelovii. No analysis of the mechanism of variegation was carried out in any of 
the above mentioned hybrids. However, Smirn’s hybrids were found to exhibit ana- 
phase bridges in root tip smears, (Ar-RUSHDI, cf. KEHR and Smiru 1952). 

In the hybrids reported here, the spontaneous occurrence of dicentric chromosomes 
readily accounts for the variegation observed. Unequal breakage of a bridge is the 
mechanism which leads to cell lineages devoid of the complementary genetic material 
responsible for the development of flower color. Elements which were interpreted as 
dicentrics were found among plumbaginifolia chromosomes, when present with a 
tabacum genome. Neither the level of polyploidy nor the type of cytoplasm in the 
hybrid seems to interfere with the chromosomal instability observed. While insta- 
bility was markedly reduced in the self-colored progeny, the relatively high stability 
of these was shown to be associated with the introgression of the plumbaginifolia 
segment carrying the color factor into the fabacum complement. An explanation 
based on the segregation of major genes effecting stability appeared unlikely in terms 
of the data presented and also in view of the homozygosity of the fabacum parent 
involved. Autosyndetic pairing in the sesquidiploid hybrid rules out the possibility 
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of an introduction of genetic variability from .V. plumbaginifolia into tabacum to an 
extent that would explain the norm of inheritance observed. An hypothesis based on 
such introduced variability would also conflict with a simple explanation of stability 
in the self-colored progeny. 

The somatic instability of the plumbaginifolia chromosomes in the hybrid and the 
introduction of such aberrant chromosomes into the meiocytes, provides a deviation 
from a normal transmission of such chromosomes. While no quantitative data are 
available on the behavior of bridge products and on the distribution of fragmentary 
chromosomes in meiosis, it is plausible to assume that these abnormalities would 
effect a reduction in the transmission ratio of univalents. This would explain the low 
ratio of variegated plants in the backcross populations. Data are needed for a quanti- 
tative evaluation of the meiotic products and the degree of its correlation with the 
transmission ratio. 

Although the mode of origin of instability is visualized as resulting from the dele- 
tion of an extended chromosome arm by cell wall formation, the ultimate cause of 
such behavior is unknown. The pronounced difference in morphology of the chromo- 
somes of the two species could be a contributing factor. Plumbaginifolia chromosomes 
are acrocentric while /abacum chromosomes in general have median centromeres. 
Differential activity of the centromeres of the two species and the competitive pole- 
ward movement associated with it, may also furnish such a mechanism as suggested 
by the cytology of the hybrid. Novirskr (1955) and Bonnier and LUNING (1952) 
reported differences in the activity of centromeres in Drosophila; WALTERS (1952) 
and RHOADES (1952) report a typical chromosomal movement, in Bromus and Zea 
respectively, which were attributed to abnormal centromeric activity. .Occasional 
delay in the separation of sister chromatids has also been observed in somatic ana- 
phase and was suggestive of stickiness of chromosome ends. However, none of the 
above mentioned indications could be singled out as a probable cause in the initiation 
of bridge formation. On the other hand, BrLquez (1955), reports a pronounced differ- 
ence in the meiotic tempo of two Crepis species in hybridity, an instrumental condi- 
tion that may be prevailing in the hybrid under study, but to a lesser extent than 
reported in Crepis. 

A cytological approach to the verification of some of the above mentioned causes 
would be desirable. However, the high chromosome number in the present hybrids 
renders such a task very difficult. Hybrids with lower chromosome numbers such as 
those reported by Kener and SmitrH may prove better for a more complete cyto- 
genetic analysis than has been presented in the present study. 
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F  Yagieeagreag study of experimental introgression from \V. plumbaginifolia (pbg) 
into .V. tabacum (tbc) has been pursued in this laboratory for several years 
(CLAUSEN 1952). In the hybrid derivatives it was observed that genically controlled 
pollen abortion was associated with the addition of a pbg chromosome to the /bc com- 
plement. This chromosome also carried the locus (Bs) determining resistance or prob- 
ably immunity to black shank, a serious disease of commercial tobacco caused by 
Phytophthora parasitica var. nicotianae. (For description see CLAYTON and McMvr- 
TRY 1950). Paradoxically, it developed that the pbg chromosome under study pro- 
duced its effect on gametophytes in which it was not present. Thus, the male gameto- 
phytes containing a complete set of 24 /bc chromosomes degenerate while most of 
the functional pollen had the constitution 24 fbc + 1 pbg. 

This paper presents a description of the genetic aspects of the problem with some 
suggestions as to the possible method of action of the locus involved. Certain other 
phases of the larger investigation will be mentioned but only as they apply to the 
pollen lethal condition. The investigation was initiated by the late Pror. R. E. 
CLAUSEN who participated actively in the work presented here. 


METHODS AND RESULTS 
The species involved 
Nicotiana tabacum L. (n = 24) is placed in subgenus Tabacum, section Genuinae 


(GoopsPEED 1954). The plants used in the present study are commercial types desig- 
nated by growers Red Russian tobacco (formerly var. Purpurea). NV. plumbaginifolia 


(n = 10) is referred by GoopsPEED to subgenus Petunioides, section Alaiae which 
includes one other 10-paired species, four 9-paired and one with n = 12. .\V. tabacum 


is known only as a cultivated species. On the other hand, \V. plumbaginifolia is found 
in the wild, mainly in South America, Central America and Mexico. 


N. tabacum X N. plumbaginifolia hybrids 


These species are separated widely on the basis of morphology, chromosome 
number and chromosome homology. Nevertheless, diploid hybrids as well as hybrid 
combinations with various numbers of ‘bc and pbg genomes may be obtained with 
relative ease. The diploid hybrid is completely male and female sterile but the ses- 
quidiploid (bc-tbc-pbg and the amphidiploid (bc-/bc-pbg-pbg hybrids are partially 
female fertile. A few stainable pollen grains are produced but the majority are 
shrunken and devoid of contents as a result of degeneration following meiosis. 

In the diploid hybrid, bivalent formation is limited, with a mode of 3 and a range 
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TABLE 1 
Gameloplhytic viability in hybrids and hybrid derivatives of N. tabacum X N. plumbaginifolia 


Viability 
Hybrid combination 


Pollen Ovules 
2n tbe-pbg _ — 
3n the-tbc-pbg — + 
4n the-tbc-pbg-pbg a 4 
24tt + 1 pbg (Bs Kl)* + (15%) - 
24tt + 1 pbg (3 other races + +- 


* pbg chromosome carrying pollen killer locus and also that for black shank resistance. 


of 1-6 (GoopsPEED 1954). The bivalents are of the single chiasma type and most are 
visibly heteromorphic. The fact that in /bc haploids there are 0-3 bivalents of this 
type indicates that actual pairing between /bc and pbg chromosomes is even lower 
than what is observed in hybrid PMC. Such a lack of homology naturally leads to 
a virtually complete chromosomal sterility so any pollen killing effect of pbg loci at 
the diploid level is effectively obscured. In amphidiploid and sesquidiploid hybrids 
of these species where homologous chromosome sets are present the genic pollen 
lethality becomes apparent. Reciprocal crosses producing both amphidiploid and 
sesquidiploid hybrids showed that there were no visible fertility differences depending 
on the cytoplasm present. The above relationships are summarized in table 1. 


The interspecific backcross procedure 

In order to study the behavior of individual pbg chromosomes in the /bc nuclei the 
sesquidiploid hybrid (bc-tbc-pbg (as female) was backcrossed repeatedly to diploid 
N. tabacum. This method rapidly eliminates the pbg chromosomes but selection for a 
specific feature such as resistance to black shank leads to the isolation of plants 
having 24” + 1’ chromosomes. These may be designated 24tt + 1p (Bs), the latter 
representing a pbg chromosome carrying the locus determining disease resistance. 
Occasional interchange between a /bc and a pbg chromosome will lead to alien sub- 
stitution of a pbg chromosome or segmental substitution (CLAUSEN 1952). The latter 
alternative involves the incorporation of a segment of a pbg chromosome carrying 
the locus for the selected feature into the /bc genome. Selfing of the 24tt + 1p type 
may lead to the establishment of an alien addition race (24tt + 1pp) which should 
breed true for genetic loci of the pbg chromosome. 

Following the above procedure, five pbg loci have been incorporated into /bc nuclei. 
(a) White-normal, a flower color factor covering the (dc wh locus. (b) Tinged-normal, 
which produces a colored flower in genetically tinged (near-white) plants. (c) White 
seedling-normal, which permits normal chlorophyll production in seedlings which 
otherwise would be albino. (d) Black shank which confers immunity to this disease 
to bc plants into which it has been transferred. (e) Pollen killer, the locus under 
consideration here. All five have been obtained in the 24tt + 1p condition. 

Three of the above five loci were found to be associated with a different pbg chro- 
mosome. The pollen lethal (A/) factor which concerns us primarily in the present study 
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is carried on the same chromosome as Black shank (Bs) and it proved to be very 
difficult to separate them. The relative positions of the two on the pbg chromosome 
are unknown but exchange of material between /bc and pbg chromosomes is a rare 
event. Thus, transmission of one locus should be essentially the same as the other 
(table 2, columns 4 and 5). Separation of the K/ and Bs loci has been attained at least 
once, when pollen fertility was restored in plants which retained the ability to survive 
exposure to black shank. Plants have been obtained in which a pbg chromosome frag- 
ment carrying the Bs locus, has been present in heterozygous and homozygous condi- 
tion (24tt + 1fg and 24tt + fg”). No attempt has been made to isolate the comple- 
mentary type (having the K/ locus). 


Transmission of the alien chromosome in 24” + 1' types 


As a consequence of its unpaired condition the alien chromosome in 24” + 1’ cells 
is found to behave in an irregular manner. It may divide at AI and be incorporated 
in two of the daughter nuclei at AIT or it may move to one of the poles at AI and 
divide at AII with the same result. Frequently, however, the extra chromosome or 
one of its chromatids will lag at the first or second division and be eliminated as a 
micronucleus. Thus, the frequency of spores containing the alien chromosome is 
much lower than 50 percent. Previous work with material of similar constitution 
indicated about 15 percent ovular transmission of the 24” + 1’ condition (GERSTEL 
1943; Cau 1954; and unpublished results with pbg chromosomes). 

If we accept the above value of 15 percent, the expected transmission of the 24” 
+ 1’ type on selfing would be 2(.15 X .85) + (.15 & .15) = .15 + (.15 X .85) = 
.2775, on the assumption that there is no differential viability of 24t and 24t + 
lp gametes nor of the resulting zygotes. As we are aware from pollen transmission 
results in monosomics, trisomics and several 24tt + 1’ alien types, this assumption 
is unwarranted. In some instances transmission through male gametophytes is 
reduced to nearly zero whereas female transmission is approximately as expected 
since there is little or no competition with 24-chromosome ovules. 

Results of experiments involving several stocks with 24tt + an additional alien 
chromosome have shown a pollen transmission of approximately three percent. On 
this basis we would expect on selfing to get (.15 X .97) + (.03 X .15) + (.03 X .85) = 
.1755 and this value has been attained in the selfed transmission of the majority of 
alien chromosomes studied. The other values in column 3 of table 2 represent ex- 
pected ovular and pollen transmission in 24tt + 1p lines. Columns 4 and 5 tabulate 
observed transmission percentages for the Bs and K/ loci respectively. In general, 
the transmission percentages of Bs and K/ are nearly the same and the apparent 
discrepancy in female transmission values may be the result of difficulties in classi- 
fication rather than an actual difference in transmission. At present we are primarily 
concerned with A/ and here the female transmission rate is very close to that ex- 


pected. However, the transmission rates through the male and on selfing are very 
high, indicating that almost all the functional pollen carried the A/ locus. On the 
basis of observed male and female transmission we would expect to get, on selfing, 
(.83 X .97) + (.17 X .03) + (.17 XK .97) = .975. This is higher than the actual 
counts both for Bs and K/. The differences are not statistically significant owing to 
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relatively large fluctuations from plant to plant within a population. If, as we sus- 
pect, the homozygous alien addition (GERSTEL 1945) types are inviable it would 
account for only a small part of the difference between observed and expected results. 
Instead of the above 97.5 percent, the expected transmission would be reduced to 
only 97 percent if the 24tt + ipp class were completely eliminated—24tt + p 
(Ki)/(24tt + p Kl) + 24tt = [(.83 & .97) + (.03 X .17)I/[(.83 & .97) + 
(.03 & .17) + (.83 + .03)] = .9702. A priori one might expect a greater reduction, 
as this class of potential zygotes includes about 16.5 percent of the total number. 
An explanation which appears to us to be more consistent with the observed results 
is discussed in connection with seed production. 


Effect of the K\ locus on pollen development 


Table 1 showed that all /dc-pbg hybrids having a complete set of pbg chromosomes 
are male sterile. Of the five 24” + 1’ types studied, three are fully fertile and only 
the one involving the Bs-K/ chromosome has a low (15 percent) percentage of stain- 
able pollen grains. There is a sharp distinction between fully developed and aborted 
grains. In this respect the situation differs from the type of distribution usually ob- 
served in plants characterized by unbalanced chromosome sets such as certain mono- 
somics, polysomics, sesquidiploids and polyploids. 

Counts of stainable and unstained ‘‘empty”’ pollen grains gave average percentages 
stainable pollen of 13.6 percent (7.3-21.8) and 15.4 percent (9.0-21.6) for two popu- 
lations of 24” + 1’ (Bs-K/) plants. A total of more than 40,000 pollen grains from 
two or three flowers of each plant were counted. A study of pollen development re- 
vealed that degeneration occurs immediately following the release of the microspores 
from the tetrad. 

The question naturally arises as to the complete pollen sterility in amphidiploid 
and sesquidipoloid hybrids where the same pbg chromosome must be present in the 
nuclei. Apparently, when a full set of pbg chromosomes is present, there are additional 
factors introduced which account for the abortion of those pollen grains (15 percent) 
which develop in the 24tt + 1p plants. A study of as many as possible of the other 
pbg chromosomes should be instructive in this regard. 


Seed production in 24” + 1’ plants 


Although not evaluated quantitatively it has repeatedly been observed that selfed 
flowers of 24” + 1’ (Bs-Kl) plants developed smaller capsules containing a greatly 
reduced number of well developed seeds as compared with the same type when pol- 
linated with normal 24” . tabacum. The reciprocal cross also yielded abundant seed 
and large well filled capsules. This difference in some cases between selfed and out- 
crossed seed involving the same plant was as great as 1:4. When fertility was re- 
stored by the loss of the chromosome segment carrying K/ the differences in seed 
production disappeared. 

The development of well filled capsules in crosses of 24tt 9 X 24tt + 1p o& shows 
that the pollen parent produces enough functional grains to fertilize all the ovules 
and that there is no significant interference with pollen tube growth caused by the 
large quantity of empty grains in the pollen sample. In the reciprocal cross, female 
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TABLE 2 


Transmission of pbg chromosomes in 24” + 1’ types 


Expected Observed 
No differential Differential Bs 
viability viability transmission transmission 
24” ++ 1' x 24" +1’ 27.75% 17.55% 89%, 86% 
24” + 1’ K 24” 15% 15% 9% 17% 
24” x 24” + 1’ 15% 3% 92% 97% 


transmission of the alien chromosome and seed production are as high as expected 
(or only slightly lower—table 2) indicating that the ovules are viable and that there 
is no appreciable elimination of the 24tt or 24tt + 1p zygotes. Some 16 percent of 
the seeds produced would be expected to have the constitution 25” (24tt + 1pp) and 
some of these may have appeared since we do not know what their phenotype would 
be. A considerable number of plants (progenies of 24tt + 1p selfed) have been ex- 
amined cytologically and no 25” individual has been encountered. It is probable, 
then, that this class is inviable but, even so, it could obviously not account for the 
observed reduction of seeds per capsule. The explanation for the discrepancy in seed 
production of the selfed 24tt + 1p plants probably lies in a partial inhibition of 
growth of 24t + 1p pollen in 24tt + 1p styles. 

Evidence in favor of differential functioning of 24t and 24t + p(K/) pollen grains 
is furnished by the observed transmission of the A/ chromosome. This value, from 
selfing, is expected to be about 97 percent, based on results of female and male trans- 
mission in backcrosses. If we assume preferential fertilization by 24t gametophytes 
(i.e., those produced in 24tt spots), the transmission percentage actually observed is 
approximated. A transmission of 86-89 percent of Bs and K/ (table 2) would be 
achieved if 24t pollen was about four times as likely as 24t + 1p to effect fertilization. 


Somatic instability of pbg chromosomes in hybrids 


In hybrids involving ‘bc and pbg genomes where the latter has a dominant marker 
and the former a corresponding recessive, the plants are frequently variegated. For 
example, when white-flowered /bc is hybridized with pdg the resulting plants have 
colored flowers with white streaks. A similar phenomenon has been described by 
Kostorr (1935) in Nicotiana hybrids but was attributed by him to changes in 
mutation frequency. A study of the genetic control of instability in other pbg chromo- 
somes is in progress. It has been established in the present material that variegation 
is a consequence of somatic loss of individual pbg chromosomes in hybrids and hybrid 
derivatives. Cell lineages from cells that have lost the pbg chromosome with the 
dominant marker exhibit the corresponding recessive phenotype. The pbg (Bs-K1) 
chromosome has been found to behave in a similar way. When it is eliminated occa- 


sionally from a somatic cell and the latter gives rise to sporogenous tissue the pollen 
grains developing from this cell lineage are normal. An anther with fully developed 
pollen grains can be distinguished readily from one in which 85-90 percent of the 
grains are aborted. An area even as small as one tenth of an anther can be detected 
with little difficulty. 
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TABLE 3 


Counts of spots of developed pollen grains in 24” +- 1’ plants 


Size and number of spots 


Pop. No. No. of flower Smaller Total 
than “a . Entire Entire 
entire Entire anther flower shoot 
anther 
52640 (10 plants 554 35 4 (7)* 1 0 40 
52633 (9 plants) 432 60 0 1 1 62 
Totals 986 95 4 2 1 102 


* Seven anthers of four flowers. 


In order to estimate the rate of somatic elimination of the pbg (Bs-Al) chromo- 
some the flowers vf 19 plants (24” + 1’) were removed daily (for 16 days) as they 
reached anthesis 2.nd carefully examined for the presence of areas of normal pollen 
grains. Each such spot represents an independent somatic elimination of the pbg 
(Bs-Kl) chromosome. Spots smaller than about one tenth of an anther occur, in all 
probability, but they would not be detected with this procedure. The minimum size 
of one of these 2reas may well be a single PMC. The undetected spots probably 
account for the low pollen transmission of the 24” condition (see below). 

Table 3 summarizes the data obtained by examining anthers for the presence of 
spots of developed pollen grains. Since the chromosome elimination may occur at 
various stages of ontogeny the areas may range in extent from an entire branch to 
the smallest detectable part of a single anther. The table reveals that on the average, 
about one out of ten flowers has at least one detectable spot. In all probability all 
flowers would have had at least one spot if the smaller areas could have been seen. 

Plants resulting from pollinations using pollen from the larger spots of developed 
grains have been extensively tested for the presence of Bs and K/ loci. In all instances 
both have been missing which indicates somatic loss of the whole pbg chromosome. 
This is also the situation in other 24tt + 1p lines which have been investigated. 


DISCUSSION 


Studies of the behavior and effects of an alien chromosome when introduced into 
the .V. tabacum nucleus have revealed (a) that about 85 percent of the pollen of 24tt + 
ip plants is abortive, (b) a transmission of the chromosome through the pollen of 
about 95 percent; through ovules about 15 percent, (c) a much reduced seed produc- 
tion on selfing the 24tt + 1p type; normal seed setting when backcrossed to normal 
N. tabacum, (d) that the alien chromosome is sporadically eliminated in somatic 
divisions leading to the production of 24-chromosome viable pollen grains, (e) that 
abortion of microspores occurs immediately following the tetrad stage. Let us con- 
sider some of the possible mechanisms by which this unique effect is achieved. 


Evidence supporting the hypothesis that all PMC containing K\ will show the killer effect 


As we have seen, when the 24” -++ 1’ type is backcrossed as male parent to normal 
‘bc approximately five percent of the progeny have 24 pairs of ¢#c chromosomes. 
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Assuming that the 24-chromosome pollen and the 24 + 1 are equally functional and 
that there is no differential inviability among the resulting embryos we would expect 
.15 (percentage of stainable pollen) X .05 = .0075 as the proportion of 24-chromo- 
some functional pollen (or less than one percent). As a rule this class would have an 
advantage in competition with gametophytes having an extra chromosome. Should 
this be true in the present instance the proportion of 24-chromosome gametes would 
be even lower than the above figure (.75 percent). 

There are four likely types of behavior of the alien chromosome at or prior to meio- 
sis in 24tt + 1p plants: 

Type I—the pbg chromosome divides and the products are incorporated in two 

of the four daughter nuclei. 

Type Il—the pbg chromosome divides and one chromatid is included in a nucleus, 

the other excluded as a micronucleus. 

Type III—the pbg chromosome is present only as micronuclei. 

Type IV—the pbg chromosome has been eliminated in somatic cell division pre- 

ceding meiosis. 

On the basis of these alternatives the expected percentages of 24t and 24t + ip 
meiotic products have been calculated as set forth in table 4. Types I and II produce 
all the 24t + 1p cells and since backcross data show that the pbg chromosome is 
transmitted to 15 percent of the progeny, over 30 percent (all Type I) and less than 
60 percent (all Type II) of the quartets would be of these types. The relative fre- 
quencies of Type I and II in the case of the pbg chromosome are unknown but from 
the behavior of an unpaired chromosome in monosomics (OLMO, 1935) and 24” + 1 
glutinosa (CHu 1954), the former would be expected more frequently (about 2:1). 
Thus, the values 25 percent—Type I and ten percent—Type II were chosen since 
these percentages would yield the observed 15 percent Bs-K/ transmission. The tabu- 
lated frequencies are to demonstrate that values calculated for percentages of 24- 
chromosome nuclei are much higher for each of the three types than the estimated 
one percent or less. Thus, wide deviations from the selected percentages would have 
little effect on the comparisons. Therefore, it appears that most or all of the 24- 
chromosome cells, from sporocytes carrying the alien pbg chromosome, abort regard- 
less of the position (intra or extranuclear) of the chromosome in the quartet. 


TABLE 4 


Expected frequencies of different classes of nuclei in PMC quartets of 24” + 1’ (Bs Kl) plants 


Type Quartets Bs Ki nuclei 24-chromosome nuclei 
I 25% (25) 12.5% (50) 12.5% (50) 
II 10% (10) 2.5% (10) 7.5% (30) 
[&Il 35% (35) 15% (60) 20% (80) 
Ill 65% (65) 0 (0) 65% (260) 
Total 100% (100) 15% (60) 85% (340) 


In parentheses—distribution of 100 microsporocytes and the resulting 400 microspores. 
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Source of the 24-chromosome microgametophyles 


From the above considerations it seems that the 24-chromosome pollen must have 
been derived as follows: (a) All of it came from Type IV which causes the visible 
spots of good pollen or, (b) In Types I, II, and III the lethal effect was incomplete, 
so that an occasional 24-chromosome microgametophyte was able to develop and 
function in fertilization. The latter seems to us very unlikely. The former alternative 
method (Type IV) accounts for at least a part of the 24-chromosome functional 
pollen and it may well account for all of it, as very few spots too small to be detected 
macroscopically would account for the small percentage of grains known to effect 
fertilization. In table 3 it was shown that the larger spots (entire shoot or flower) 
were much less frequent than those involving a single anther and the smallest de- 
tectable areas were by far the most common type. In all probability the same rela- 
tionships would hold for spots which were too small to be classified. The pattern of 
variegation induced by other pbg chromosomes was similar in that the smaller the 
area of the affected tissue (of flower or leaf) the more frequently it appeared. Anthers 
with visible areas of nonaborted pollen were not selected for pollination so it seems 
likely that the 24” plants obtained, resulted from pollen which has developed ac- 
cording to Type IV in spots which were too small to detect. 

There is apparently no effect of the K/ locus on somatic cells. The observed fre- 
quency of alien chromosome elimination should give rise to observable necrotic 
areas if such an effect existed. The female gametophyte is also free from the lethal 
agent. The reasons for such a selective action of the K/ locus are conjectural. How- 
ever, it appears that the effect is only achieved in PMC where 24t and 24t + p 
nuclei share a common cytoplasm. In the development of the megagametophyte, of 
course, the 24t and 24t + p cells are separated by cell walls after each nuclear 
division. 

Since the effect of the A/ locus is manifested by cells which do not contain it, an 
interaction between a A/ induced agent and 24t cells is suggested. One possibility 
is that the product of the locus influences the cytoplasm in such a way that the com- 
bination of ‘ac chromosomes in K/ affected cytoplasm constitutes an inviable product. 
It is also possible that there is a direct interaction between the lethal agent and 24t 
nuclei. The latter seems the more likely, as the killing effect apparently occurs only 
in the PMC tetrads containing both 24t nuclei and the alien chromosome either 
within a nucleus or micronucleus. When the alien chromosome is lost in somatic 
divisions, areas of functional 24t pollen are produced in the anthers. Thus, the effect 
is relatively short lived and suggests the presence of a substance which may be 
rapidly eliminated once the determining locus is removed. 


Dual nature of the K\ effect 


The feature distinguishing the pollen killing effect from other types of pollen 
abortion is the lethality of cells not containing the A/ locus. That is, there is a dual 
function involved by which the non-A/ cells are adversely affected and simulta- 
neously the K/ cells are protected from the lethal agent. The two are not necessarily 
direct effects of the locus; intermediate products may be involved. 
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In this dual effect of a single locus the present results are similar to those found 
in systems of antigen-antibody reactions. For instance, in the case of the ABO blood 
groups, the antibody acts in a manner similar to the A/ agent in adversely affecting 
blood cells of specific types. In each case the cells are, of course, unaffected by anti- 
bodies of the same individual, as the specific antibody is either lacking or is absorbed 
as it is formed. A type O individual has the ability to agglutinate A or B cells but 
has no antigen and hence is immune to the antibodies present in its own serum. 

A similar example of a killing effect coupled with immunity and controlled by a 
single locus is found in Paramecium aurelia. Individuals of a certain genotype pos- 
sess particles (kappa) in their cytoplasm and these control the production of parame- 
cin, a lethal agent. Organisms having enough of the kappa particles are able to kill 
sensitive individuals present in the same medium, but are themselves protected from 
the lethal effect. Under ordinary circumstances the killer type has no pronounced 
selective advantage but when competition becomes severe such individuals may re- 
place the remainder of the population. In all three above examples a single heritable 
unit determines the ability to induce a lethal response and at the same time confers 
immunity to the effect on cells possessing it. 


Evolutionary implications 


It seems likely that the phenomenon of pollen killing may be of wider occurrence 
since it would be detected only under a combination of favorable circumstances. 
Presumably, plants homozygous for the K/ locus would have normal fertility as all 
the pollen grains would receive it. The effect was observed in the present in- 
vestigation because the same pbg chromosome carried the K/ and Bs loci and only 
after the 24tt + 1p condition had been reached. Usually, a process leading to pollen 
abortion in species hybrids is attributed to irregularities of chromosome behavior, 
structural differences or the like. Only after the amphidiploid is studied would the 
presence of genic sterility be indicated and subsequent backcrosses are required to 
demonstrate the A/ effect. 

It is apparent that if loci of the A/ type occur with some frequency they would 
play a significant role in speeding up the process of interspecific gene exchange. Loci 
such as Bs which are located on the same chromosome should be incorporated in the 
introgressed population much more rapidly since pollen grains carrying A/ have 
such a strong selective advantage. The same would be true for favorable mutations 
occurring in this linkage group. Such a mechanism could result in a more rapid 
spread of a genetic locus in a population than would be anticipated on the basis of 
its selective differential. 

If a population of plants were homozygous for the A/ locus there would presumably 
be no detectable effect. In such a situation, occasional heterozygous individuals 
(K1/kl) would very likely be interpreted as possessing a lethal or sublethal gene 
such as the small pollen type in maize (SINGLETON 1932). 


SUMMARY 


Diploid, sesquidiploid, and amphidiploid hybrids involving .V. tabacum and NV. 
plumbaginifolia are male sterile but the latter two are female fertile. Repeated back- 
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crossing of the sesquidiploid (tbc-tbc-pbg) to diploid . tabacum accompanied by se- 
lection for a dominant plumbaginifolia genetic marker results in establishing types 
with 24tt + 1p (carrying the selected locus). In studies of such lines involving the 
Bs locus (determining resistance to the fungus disease Black shank) a second locus, 
K/ (Pollen killer) was found to be located on the same chromosome. 

The K/ locus has no deleterious effects on pollen of .V. plumbaginifolia itself but 
in 24tt + 1p hybrid derivatives it causes abortion of 24t pollen shortly after meiosis. 
All microgametophytes with a complete complement of /abacum chromosomes are 
abortive whereas those having the alien A/ develop normally and are functional. 

The killing effect is apparently restricted to the PMC quartets in which the K/ 
chromosome is present. There appears to be no adverse effect of K/ on megaspores 
or somatic cells. 

Similarities between K/ and the killer phenomenon in Paramecium are discussed 
and an analogy with the genetic control of antigen-antibody reactions is suggested. 
Possible implications of evolutionary significance are also mentioned. 
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HE most recent of the many explanations of heterosis is that is it the expression 

of the joint action of favorable combinations of genes at different loci: it is that 
interaction, such as complementary action, between nonallelic genes brought together 
from the parents surpasses the simple summation of the effects of these genes in the 
parents. Comstock and Rosinson (1948) pointed out that such nonallelic interaction 
(or epistasis as we shall term it) could inflate measures of interallelic interaction 
(dominance) and later they and other contributors suggested in Helerosis (1952) that 
epistasis might be partly responsible for heterotic effects. JivKs (1954a, 1955) has 
suggested that apparent overdominance may be due partly to epistasis. We present a 
new method of testing for and measuring epistasis in a diallel experiment carried to 
the F, generation and of examining the connection between heterosis and epistasis. 
We discuss several diallel experiments and relate our investigation to the recent 
diallel analysis of JINKS and HayMAN (1953 and later). We also make some points of 
interest to plant breeders. 

THEORY 


Consider » inbred parent lines, their n? — n F, progeny and the F, families from 
each selfed F;. Let p, be the mean of the rth parent line, f,, the mean of the offspring 
of both reciprocal crosses of the rth by the sth parent lines and g,, the mean of both 
corresponding F2 families. MATHER (1949) has shown that 4g,, — 2f:, — pr — ps is 
independent of additive and dominance effects and, in comparison with a suitable 
standard error, provides a test for epistasis in this cross and its descendants. Alto- 
gether we can make 3(n? — m) tests for epistasis in this way, but since each cross has 
a parent in common with many other crosses these tests are not independent and are 
unsuitable for joint consideration or amalgamation into a single overall test of 
epistasis in the diallel cross. Instead, we group the expectations of all the family 
means in this experiment into one genetic model and test it for agreement with 
observation by a single x*. We put 


pry = m+ d, (y = 1,2, --- , #) 
fre = m + 3(d, + ds) + Ive (¢ <s = i,--+,#) 
fre = m+ 4(d, + d,) + Shy, @w<s=i,--: ,#) 


where d, is the sum of the (positive and negative) additive contributions of genes in 
the rth parent, /,, is the sum of the (positive and negative) dominance deviations of 
genes by which p, and p, differ, and m is a mean such that >-d, = 0. 

We assign weights to the family means, taking the intermediate course that means 
in the same generation have equal error but that this error may be different in each 


‘ Now Crop Research Division, Private Bag, Christchurch, New Zealand. 
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generation. The simpler case of equal error for each mean is not in accord with ex- 
perience in many species. The more general case of a separate error for each mean is 
impracticable with more than four lines and can usually be avoided by choosing a 
suitable scale of measurement. Thus the three sets of equations are weighted re- 
spectively with the reciprocals of the square roots of Eo, E; and E> derived from the 
variation between duplicate parental, F; and F: family means. These weights are not 
to be confused with MaTHeEr’s (1949) FE; and E». The experiment should contain 
enough duplicate plots in each generation to ensure accurate estimation of these 
error variances. 

After some algebraic reduction the least squares estimates of the parameters may be 
expressed in terms of p,, f,, and g,, as well as various constants and a diallel table of 
terms x,, defined below. Then 


(1+ k)m = pt kit 
(2+ k)dr = 26, — 26 + 2kx, — 2kn (r = 1, 2,---, mn) 
and 
hire = es — Wore + Bryer. (¢y <s = 1,-+-, #) 
where 


(1+ k)(2 + b)yre = 
(1+ k)(2 + k)x,. — R(L + k)(%, + &.) + RE — (1 + Rp + pe) + Rp 


and the constants 


oe nEo Le 
SE. + 2B, — EB 
at 2E, + E, 
ial 4k. 4 E, 
and later 
— n 


8E2 + 2; 


Just as the table containing the F; family means f,, together with the parental means 
p, on the leading diagonal may be called the L; diallel table and the table of F, 
means g,, With the parents on the diagonal again is the L» diallel table so the values 
Xs With x, = 2gr, — frs (7 A s) and x,, = p, form the 2L, — L; diallel table. X, is 
the mean of the rth array (row or column including the diagonal term) of this table 
and X the grand mean: for convenience, the notation p, is retained for specific refer- 
ence to the diagonal terms. 
The deviations of the family means from their expectations, ,, etc., may be 

written 

ty — pe = gn 

Tre — fre = —(2ki — 1)y, 

fro — £ = (1 — Ry) Vrs 
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The squares of these deviations, weighted with the reciprocals of the corresponding 
Eo, E, and E, sum to x? with n(n — 1) degrees of freedom (* family means less 
3(n? + n) independent constants). This x? is more conveniently obtained directly 
from the 2/,-L;, diallel table as 


2 ; ; n : a 
x ke) (an — DV ux — Vox) + 77> — *) 
¢ oS a ie 4Voux)) 
2+k iss s 

where Vo.0 = varp, 

Worox = cov(p,, X,) 

Vorx = varx, 
and nVitx = Dd varx,, are analogous to the statistics Vor0, Worm, Vou and nVin 


of the L, diallel table (HAYMAN 1954b). 

In HAYMAN’s (1954a) analysis of variance of the L; diallel table the sums of squares 
b, b;, b2 and b; tested departures from additivity—-dominance in that case because 
epistasis was assumed absent. The 2L. — L, table is independent of dominance so 
that these sums of squares must test epistasis and indeed the x? can be expressed in 
terms of the sums of squares in the analysis of variance of the 2L, — L; table. Then 


2 ke t=] n—2, | 
xX “<b+ b, + - bs 
n I+k 2+hk ~ 
with 4u(z — 1) degrees of freedom. A straightforward analysis of variance of the 


2L. — L, table to test for epistasis would be inadmissible because here the error (Lo) 
of the diagonal terms is different from the error (4, + E,) of the other terms. 

When a significant x” has indicated epistasis we can investigate the epistasis in 
detail. Epistatic effects may be manifested in either parental or F; or F, families. 
The deviations of F; and F, family means from their expectations on the simple 
dominance model are both proportional to y,, which we take as a measure of epistasis 
in what will be called epistatic crosses. y,, measures epistatic deviations in the 
parents. To identify individual significant values of y,, and y,, we use 

n'(1 + k)(2 + k) — nk(1 + k) + 2k 


vary,, = = - (4E, E)) (r # s) 
i n*(1 + k)(2 + kR) Jil * 


and 
(eo — 1)kwk+n—k) , 
vary,, - - Ey 
n?(1 + k)(2 + k) 
In the absence of epistasis /,, = 2/,, — 2g,, is a measure of dominance. When 


epistasis is present /,, contains a term in y,,, the measure of epistasis, and so is no 
longer a pure measure of dominance. However, it is, in the least squares sense, the 
best measure of apparent dominance in the F; and F», families from the rth and sth 
parents. 


A further consequence of the method of estimating /,, is that it is statistically 
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uncorrelated with the residual y,, so that the graph of y,, against /,, should reveal 
any inherent relation between epistasis and apparent dominance in this set of crosses. 
This graph is also used to classify epistatic crosses. The deviations of F; and F, 
family means from their expectations have respectively the opposite and the same 
sign as y,, so that when h,, and y,, have the same sign the F, mean is nearer to, and 
the F, mean further from, their mid-parent than expected. This is like duplicate gene 
action and we use duplicate in this sense in this paper. Similarly, when /,, and y,, 
have opposite signs the epistasis is of the complementary type. Epistatic points in the 
first and third quadrants of the (/,,, y-.) graph are duplicate and those in the second 
and fourth quadrants complementary. This classification may be important to the 
breeder for high heterosis who would presumably wish to select for complementary 
but against duplicate epistasis. 

The mean levels of (apparent) dominance of, say, duplicate and complementary 
crosses are the mean values of the corresponding | 4,, | (the positive value of h,.) 
and they can be compared using standard errors derived from varh,, = 4(E, + E, — 
ky varyys). 


EXAMPLES 

We consider flowering time and height in .Vicotiana rustica, yield in maize and yield 
in cotton. 

The Vicoliana rustica data were kindly supplied by Dr. Jinks from an eight line 
diallel cross grown as L,; in 1951 and as Li, Le and backcross in 1952 and 1953. Our 
analysis can be extended to include backcrosses but we ignore them for our present 
purpose mainly because we will be concerned with the influence of epistasis on F; 
and F, values but also because the epistatic deviations of the four families arising from 
each cross would require three, and not one, parameters for their complete descrip- 
tion and would be correspondingly difficult to interpret and to relate to h,.. In most 
cases our x” agrees with the x” involving backcrosses as well in detecting or not de- 
tecting epistasis but, as would be expected, there is some difference between our 
detailed results and those of Jinks (1956) which incorporate the backcross infor- 
mation. 


Nicotiana rustica flowering time 

In 1952 the x? derived from the 2L2 — L, diallel table is 33.22 with 28 degrees of 
freedom so that there is no evidence of epistasis. In 1953 the x? is 119.38 which is 
very highly significant and epistasis is strongly indicated. Table 1 contains y,, (above 
and on the diagonal) and f,, (below the diagonal) and figure 1 is the graph 
of y,.(7 ¥ s) against h,.. The standard errors of Yer) Veo” >= S) and h,, are 7.3, 15.4 and 
9.9 respectively. Values of y,, which are significantly different at five percent from 
zero are marked with an asterisk and the five percent and one percent limits of 
yrs(r # s) are shown on the graph. 

Six crosses and five parents exhibit the effects of epistatic action at the five per 
cent level. The four quadrants of figure 1 have been labelled according to their type of 
epistasis; there are four duplicate and two complementary crosses. The graph shows 
no trend or relationship between /,,, and y,,: in fact we have a well mixed system of 
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TABLE 1 
Nicotiana rustica flowering time, 1952. Values of apparent dominance h,. in each cross and of epistatic 
deviations yrs in each cross and the parents. Epistatic deviations significant at five percent are asterisked 























1 2 3 4 5 6 7 8 
1 22.%* 1.2 —23.9 14.0 —28.5 | —28.8 i —50.9* 
2 —7.4 17.7* | —19.4 —27.5 —1.9 | —16.9 5.4 —18.7 
3 3.1 — 4.6 28 .6* 26.7 1.9 | —79.7* —0.3 —31.0* 
4 —15.8 it.35 —25.5 | 1.2 —8.7/ 9.8 —32.2* 12.5 
5 —32.4 at .2 —29.8 —7.8 | 13.1 —60.9* 1.8 38.7” 
6 29.5 4.7 30.6 —6.4 3.9 | 48.8* | —12.2 —26.1 
7 —16.8 —0.4 —28.5 —8.3 2.8 | —13.3 3.9 ee - 
8 —11.6 $9.2 —8.4 —11.2 22.4 —5.4 0.9 16.4* 


dominance and epistasis, some dominance being positive and some negative, some 
epistasis increasing the apparent dominance in F; and some decreasing it. To press 
the investigation further consider various mean values of | /,, |. For the four duplicate 
crosses this is 12.7, for the two complementary crosses 17.2, and for the remaining 
twenty-two crosses 13.8. The differences between these means are not significant, 
confirming our graphical observations. No F; family is significantly heterotic (lying 
outside its parents) so that we cannot discuss heterosis in this example. 

Some other points are worth mentioning. The preponderance of negative values of 
Yre(r * 5), especially amongst the epistatic crosses, and of positive values of y,, 
suggests a generation effect depressing the F2 means below those expected from the 
parental and F, means on the simple dominance model. Parents 4 and 7 are not 
epistatic but their cross is. Parent 5 which makes two epistatic crosses is not itself 
epistatic probably because these crosses display epistasis of opposite signs. On the 
other hand parents 3 and 6 with the highest epistatic deviations are the only ones to 
make two epistatic crosses with the same signs of deviation. 

Nicotiana rustica height 

In both 1952 and 1953 the heights of Nicotiana rustica exhibit highly significant 
epistasis, the x” values being 64.61 and 58.05 respectively. Figures 2a and 2b are the 
corresponding graphs of y,, against & 

In 1952 six crosses but no parents exhibit epistasis, four of these crosses being 
duplicate and two complementary. Figure 2a shows that the epistatic crosses gen- 
erally exhibit the highest dominance. The comparison of mean dominance levels is 
summarized in table 2. To the left of the table are the ratios of the mean | /,, | of all 
epistatic, of duplicate alone, and of complementary alone crosses to the mean | hy. | 
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of all nonepistatic crosses together with the significances of the differences between 
these means. The number of crosses in each numerator mean is in brackets and the 
total number of crosses considered is to the extreme left. Our observation from the 
graph is confirmed: the duplicate and complementary crosses are those with the 
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FicurE 1.—Flowering time in Nicotiana rustica, 1953. Graph of apparent dominance ltrs against 
epistatic deviation y,, in each cross of the diallel. The five percent and one percent significance 
levels of y,s are in broken lines. Points lying in the first and third quadrants correspond to crosses 
exhibiting duplicate epistasis and those in the second and fourth quadrants to complementary 
epistasis. The other graphs take the same form except that D and C have been written for duplicate 
and complementary. 


highest dominance. The right half of table 2 contains the results of a similar analysis 
performed only on those crosses which are significantly heterotic in the F; gener- 
ation. The corresponding points are circled in the graph. Evidently the duplicate but 
not the complementary crosses are more heterotic than the nonepistatic crosses. 
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The situation in the 1953 heights is different from that in 1952. Parents 2 and 8 
and four crosses are epistatic, the latter being equally divided between duplicate and 
complementary types. Figure 2b shows that the most dominant crosses are not 
epistatic but we can see from table 2 that the complementary crosses are on the 
whole more dominant than the others. When we confine our attention to heterotic 
crosses the level of dominance of epistatic crosses is just below the level of dominance 
of the other heterotic crosses although the difference is not significant. Evidently the 
level of heterosis here is independent of the presence of epistasis. 


Maize yield 


KINMAN and SPRAGUE (1945) give the mean yields, corrected for water content, of 
ten inbred maize varieties and their F; and F» families. We find Eo, E, and E» from 
their least significant differences between means assuming a five percent significance 
level. x? is 172.55 with 45 degrees of freedom, again indicating epistasis. h,, and y,, 
are plotted in figure 3a. 

Five parents and ten crosses are epistatic, two crosses being duplicate and the 
others complementary. The general relation between epistasis and dominance is 
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Figure 2a.—Height in Nicotiana rustica, 1952. 
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clear from the graph and table 2: both the duplicate and complementary crosses are 
significantly more dominant on the average than the nonepistatic crosses. However 


the two crosses with the highest degree of 


crosses are heterotic in F, these statements 


dominance are not epistatic. Since all 
also hold for epistasis and heterosis. 
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Figure 2b.—Height in Nicotiana rustica, 1953. 


TABLE 2 
Average dominance levels compared with average dominance levels of nonepistatic crosses 


All crosses 


Heterotic crosses 





Spec ies and 
Character 


Comple 


No Epistatic |Duplicate —_— ae Foc No.| Epistatic |Duplicate mentary 
Nicotiana rustica 
Flowering time 1952 28 v 
Flowering time 1953 28 | 1.03 ns 6 0.92 ns 4) 1.25 ns2)| 1.00 ns 10 0 
Height 1952 28 | 2.95*** 6 3.25°** & | 2.36°°* 2 | 0.69°** 15 8 | 1.40°* § 1.53°*3 | 1.20 ns2 
Height 1953 28 1.20 ns 4 0.99 ns 2/ 1.40°* 2 | 1.27*** 15 11 | 0.93 ns 2 0.99 ns 1) 0.87 ns1 
Maize 
Yield 45 | 1.10°** 16 1.24*** 2 1.06 1.04* 10; 45 | 1.10*** 10 1.24*** 2 1.06*8 
0.98 ns 10 
Log-yield 45 | 1.88*** 2 1.88*** 2 0.89*** 36 45 | 1.88°** 2 1.88*** 2 
Cotton yield 21 0.58*** 4 0.58°** 4) 1.16*** 10: 14 | 0.43*** 2 0.43*** 2 
. 0.80*** 10 
Probability levels: *** <.001; ** 01-.001; * 05-.01; ns = 05 
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FiGuRE 3a.—Maize yield. 
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FiGuRE 3b.—Maize log-yield. 
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We follow Jrvxs (1955) and consider the logarithm of maize yield in this exper- 
iment. Without the original data we cannot recompute Eo, £, and E» but a reasonable 
approximation to their new values is given by var(logx) = (varx)/xX’. Now our premise 
that the errors of family means are homogeneous within generations cannot be correct 
on both the ordinary and the log scale but for the purpose of these examples we 
proceed as if homogeneity were the rule and our analysis applicable. The x? is 73.03 
with a probability of .01-.001 again indicating epistasis though at a lower level of 
intensity. Figure 3b is the (/,., y-») graph. 

Two parents, 0H04 and CL14, and two crosses, OHO7 XK CLi4 and 0H04 X 
CL14, are epistatic. Here epistasis accompanies maximum heterosis (fig. 3b and table 
2) but the type of epistasis has changed from largely complementary to wholly 
duplicate. 


Cotton yield 


Dr. TURNER has kindly supplied the yields of a diallel cross between seven inbred 
lines of upland cotton which he has already discussed from another point of view 
(TuRNER 1953). The x? is 58.63 with 21 degrees of freedom and is again highly sig- 
nificant. Figure 4 is the (/,., yr.) graph. 
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FicurE 4.—Cotton yield. 











346 B. I. HAYMAN 


All parents are epistatic, but only four crosses and these are all complementary. 
Two of these epistatic parents make crosses in all of which the epistasis is below, but 
only just below, significance. From figure 4 we see that the more dominant crosses are 
free from epistasis. Only in the less dominant crosses does complementary action raise 
the F; and depress the F: yields. Table 2 confirms this observation. When we consider 
heterotic crosses alone table 2 shows that the level of heterosis of the epistatic crosses 
is less than half that of the other crosses. 

DISCUSSION 

Two of our aims in this paper are to present our method of testing for epistasis and 
to investigate the relationship between epistasis and heterosis and between epistasis 
and dominance. As a preliminary we consider the sensitivity of our test and de- 
termine the kind of epistasis it picks out and the relevance of this epistasis to the 
discussion of dominance. 

From the rth and sth parents and their descendant F; and Fy, families MATHER’s 
C, equal to 4g,, — 2f, — pr — ps. in our notation and closely akin to our y,,, tests 
failure of the F, family to conform to its expectation from its ancestors on the 
simple dominance model. In other words, it tests whether any of the apparent 
dominance in F; is not halved in the F, family but is reduced, as many epistatic 
effects would be, in some other proportion. HAYMAN and MATHER (1955, table 3) 
have identified the digenic epistasis detected by the C test as a linear combination of 
interactions between additive effects and between dominance effects. It is possible for 
particular linear combinations of these two interactions to be halved in passing from 
the F; to the F: family, and F; or backcross generations would be necessary to detect 
such epistasis. Higher order, such as trigenic, epistasis might need even more gener- 
ations for its detection. Another source of insensitivity is that when genetic dif- 
ferences exist at more than two loci 4g,, — 2f-, — pr — ps» measures the sum of the 
epistatic effects between various pairs, triples, etc., of loci so that large effects of 
opposite sign may cancel out and lie concealed in this sum. These insensitivities of the 
C test of epistasis are largely overcome by testing all families of the diallel cross 
simultaneously in our x”. Epistatic effects are manifested in a different combination 
in each family and have little chance of remaining undetected over the complete 
diallel. Indeed, the presence of variances, and not differences, of family means in our 
test statistic indicates that it is virtually measuring sums of squared and not of 
signed epistatic effects. The degrees of freedom 3n(n — 1) of the test x? rise rapidly 
with the number of lines 7 so that even a five-line diallel cross should be a sensitive 
detector of epistasis. 

Now it is easy to show from HAayMAN and Matuer (1955) that the two kinds of 
epistasis described above are just those which affect the apparent dominance in F, 
and F, families. Our x? then is the natural test of the epistasis which affects the 
families from which our measure /,, of apparent dominance is derived. y,,, therefore, 
is the natural measure of epistasis to compare with /,, although the above discussion 


suggests that some /,, may contain an epistatic portion without the corresponding 
yre being significant. Our estimate of the number of epistatic crosses and of the 
differences between the level of dominance of epistatic and nonepistatic crosses may 
be too low. 














HETEROSIS 347 


The important measure /,, is a sum of signed effects and this may lead to some 
misjudgement when the level of dominance is low in the presence of epistasis, for this 
apparent level of dominance contains an epistatic portion which can mask the sign 
of the dominance portion in such a situation. The classification of epistasis into 
duplicate and complementary types which depends on the relative signs of h,, and 
yrs would then be in error. This could be the situation in figure 1 but it is unlikely to 
occur in the other figures where dominance is unidirectional. 

The first conclusion we may draw from our examples is that epistasis is widespread. 
Our one exception, flowering time in .Vicoliana rustica (1952), would have been very 
epistatic if the heritability had not been 0.76, but above 0.90, as in all the other 
examples. In other words epistasis is likely to be detected whenever the heritability 
is high and a large number of families is compared. Six percent of the individual 
crosses are duplicate and eight percent are complementary and table 2 shows that 
each type occurs with about equal frequency throughout the examples. Given equal 
sensitivity the addition of either F; or backcross families to the experiment would 
reveal about as many epistatic crosses again: in these the F, and F, means would be 
either increased or decreased simultaneously by the epistasis. It is hoped to in- 
vestigate the effect of backcrosses in another paper but our general results should be 
unaffected by their omission. 

The relation between epistasis and dominance covers the full range. In both yield 
of maize and height of Vicotiana rustica the complementary crosses have above 
average level of dominance, in flowering time of .Vicoliana rustica they do not differ 
on the whole from the average while in yield of cotton their level is below average. 
The pattern for duplicate crosses is similar. 

The relation between epistasis and heterosis is varied, too. In heterotic diallels 
either duplicate (.Vicotiana rustica height, 1952) or complementary (maize and 
cotton yield) epistasis may predominate or the two may occur with equal incidence 
(Nicotiana rustica height, 1953). It is even possible to select heterotic diallels from the 
maize diallel which are not epistatic, vz. those made up from lines HY, WF9, K159, 
OHO7 and CL14 or from lines R46, WF9, 38/11, OHO4 and WV7. Table 2 shows the 
same general pattern of relation of duplicate epistasis to heterosis as to dominance. 
The complementary crosses on the other hand now exhibit no dominance superiority 
to the nonepistatic crosses except to a small degree in maize. 

The incidence of epistasis is slightly higher among heterotic crosses (17 percent) 
than among all crosses (14 percent) and might be 31 percent if F; or backcross data 
were available. Evidently epistasis is not the only important cause of crosses lying 
outside their parents, i.e. of heterosis. Now consider the ratio of, and the difference 
between, the levels of dominance of epistatic and other crosses. In the three cases 
where the comparison exists both these quantities decrease markedly in passing from 
the complete set of crosses to the restricted set of heterotic crosses. This also holds 
true for the complementary crosses considered separately and, with one trivial ex- 
ecption, for the duplicate crosses (table 2a). Whatever the relative importance of 
epistatic and other factors to the general level of dominance epistasis is of lesser 
relative importance in the heterotic crosses. This statement does not apply to the 
two maize examples: the above comparison cannot be made because all crosses there 
are heterotic. 
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Let us now change our point of view and consider, not the different manifestations 
of epistasis, dominance and heterosis but the differences between our examples. These 
are of four kinds, namely between species, between different characters of the one 
species, between different scales of the one character and between environments. 

The differences between species are detailed above. We should emphasize that 
what we have found for our sample may not be true of a species as a whole. For 
example, if one of the two five-line maize diallels mentioned above had happened to 
be the object of our investigation into heterosis in maize yield we would have reached 
very different conclusions. 

Different characters, of course, behave differently. In flowering time of Nicotiana 
rustica epistasis occurs without heterosis while in height they occur together. 

We could have tried various changes of scale in each of our examples but the maize 
yields are enough to illustrate the magnitude of the possible effects. Whereas epistasis 
generally raises the more heterotic F, maize yields it depresses the more heterotic 
maize log-yields. The nine highest values of /,, are in the crosses with CL14 but 
because of the very low value of CL14 on the logarithm scale these crosses are the 
lowest yielding both in F; and Fy, generations. Thus while on the ordinary scale 
largely complementary epistasis and high heterosis are associated in high yielding 
crosses here duplicate epistasis and high heterosis are coupled in low yielding crosses. 
Heterosis and its relations to other characters prove no exception to the state of flux 
of genetic relations with respect to changes of scale exemplified by MATHER (1949): 
“dominance and interaction may be simultaneously increased or simultaneously 
decreased [by a change of scale] though not of course necessarily to equal degrees in all 
cases... under some circumstances the change of scale may cause the measure of 
dominance to increase as that of interaction decreases, and vice-versa.” 

Finally, we have two examples of environmental change in Nicotiana rustica. As 
Jinks (1956) has pointed out, what is a simple dominance system in flowering time in 
1952 becomes in 1953 a complex epistatic system with, as we have seen, a mixture of 
duplicate and complementary effects. Height, too, suffers as marked a change. The 
relation between epistasis and dominance changes from positive correlation in 1952 
to independence in 1953. Although neither the total incidence of epistasis nor ihe 
relative proportions of duplicate and complementary crosses changes much from one 
year to the other the behaviour of individual crosses alters radically. Only two crosses 
are epistatic in both years and one of these changes its nature from duplicate to 
complementary. Further, no parents are epistatic in 1952 but two are in 1953 
Lastly the correlation between the measure of epistasis y,, in the two years is .02 
The epistatic systems change from one season to the next in both flowering time and 
height. A point of interest is that the correlation in height between the measure 
h,, of apparent dominance in each year is highly significant at .79. Although detectable 
epistasis is too unstable for prediction apparent dominance is reasonably stable from 
year to year. 

To sum up, it appears that the relation between epistasis, whether duplicate or 
complementary, and heterosis is a product of genotype, environment and scalar repre- 
sentation and varies like any other character of an organism. It should be possible 
though to refer this relation to the history of selection of the material. For instance, 
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maize yield is the only one of our examples where selection for heterosis has been 
practised and it is the only case where the epistasis is both mostly complementary 
and also associated with the higher levels of dominance. 


The diallel analysis of Jinks and Hayman 


Jinks and HayMAn (1953 and later) show how to obtain various measures of gene 
frequency and gene action from a diallel table when the genetic system in the parents 
satisfies the four conditions: 

(1) No epistasis. 

(2) No heterozygosity. 

(3) Only two alleles at each locus. 

(4) No correlation between the gene distributions at each locus. This last condition 
is not violated if several gene differences exist between the same parents. The analysis 
treats the corresponding group of genes as if it were a single gene. 

The criterion that the four conditions be obeyed is, in the L; generation, the 


constancy of the statistic W, — V, computed from each array of the diallel table. 
The complete test for these conditions in the L; and Ly diallels is laborious (HAYMAN, 
in press) and we use mainly the analysis of variance of W, — V, in the L, diallel 
table (HAYMAN 1954b) to make our points. 

Table 3a contains the significance of heterogeneity of this W, — V, in those of our 
examples where replicated data are available. In the first example (flowering time, 
1952, of Nicotiana rustica) W, — V, is heterogeneous in the absence of epistasis. 
(W, — V, is also heterogeneous in the backcross, though not in the less sensitive Ls, 


diallels). In his worked example Hayman (1954b) ascribed this heterogeneity to 


TABLE 3 
Table 3a Table 3b Table 3c 
terogeneity of Percent components of the 
tae cae (h/D)*? variance of spec ific com 
Species and character r , bining ability 
‘f , . ie als 7. Detec - 
Complete — —— Nonepistatic penne te bg table Other | Environ 
diallel abdiallel [; ‘lel subdiallels ii , epi- genetic mental 
subdiallels | dialle F static 
Nicotiana rustica 
Flowering time +? “* 0.87 0.87 0.96,0.75 | 0.00 | 76.30 | 23.70 
1952 
Flowering time 7 ns 0.44 0.46 0.46 6.42 | 83.33 | 10.25 
1953 
Height 1952 win 1.45 | eS ee 1.84 | 92.14 6.02 
Height 1953 — ’ 2.09 3.01 3.80, 1.67 1.88 | 94.59 3.83 
Maize | 
Yield 2.88 | 6.79; 2.47 25.17 | 61.83 13.00 
Log-yield 1.47 2.63 6.57 | 35.00 | 58.43 
Cotton yield = ma: PP" | 1.35 | 1:42: 2.55 1.42; 3.02, | 0.30 | 87.11 | 12.59 
2.41 


Probability levels: *** = <.001; ** = .01-.001; * = .05-.01; ns = > 05. 
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epistasis but this was only a loose term to cover failure of any of the four conditions 


(I.c., p. 803). All our other examples are epistatic and W, — V, is heterogeneous in 
all of them. In their nonepistatic subdiallels W. — V, is usually heterogeneous at a 


lower significance level (table 3a). This reduction in heterogeneity shows that 
W,. — V, is sensitive to epistatic effects detected by the x? test and thus establishes a 
correspondence in the detection of epistasis between our work and the earlier analysis. 

The variation in W, — V, in nonepistatic diallel crosses is caused either by failure 
of the last three conditions or possibly by epistasis remaining undetected by the x’. 
Since parental heterozygosity is unlikely from the history of our material either 
multiple allelism or gene correlation or both are probably responsible. 

We can relate our classification of epistasis to the curvature of the (V,, W,) graph. 
Epistasis curves this graph, the duplicate type making it convex towards lower values 
of V, and the complementary towards higher values. Overlying these curves are, of 
course, the effects of multiple allelism and gene correlation in the parents. Moreover, 
a sharply curved “‘complementary” section at one end of the graph may give it the 
general appearance of a ‘‘duplicate” curve. Jinks’ (1945b) figure 2 is the Li graph of 
V, against W’, for Vicotiana rustica (1952) height. It is a curve convex towards lower 
values of V, indicating the duplicate epistasis which we find to preponderate. The 
corresponding curve in 1953 is S shaped suggesting our even balance of duplicate and 
complementary epistasis. In both 1952 (Hayman 1954b, fig. 2) and 1953 the Ly 
graphs for flowering time in .Vicotiana rustica exhibit ‘‘duplicate” curves. (These 
are reflected in Jinks’ (1956) figure 1 derived from Lz» diallel tables). The 1953 curve 
again suggests our preponderance of duplicate epistasis but the 1952 epistasis-free 
curve is a warning that multiple allelism and gene correlation may be responsible for 
these curves. The maize yield graph is S shaped with the major part of the curve 
convex towards higher values of V, agreeing with our detection of preponderately 
complementary epistasis. The maize log-yield graph exhibits no clear curvature and 
we find only two out of the 45 crosses to be epistatic. The cotton graph, too, is merely 
a scatter about the line of unit slope partly because all the parents are epistatic and 
partly because the other effects may be masking the complementary epistasis. There 
is at least no trace of a “‘duplicate’”’ curve. Considering that we detect epistasis by 
comparisons between generations and the (V,, W,) graph by comparisons within 
generations and that the latter is also disturbed by multiple allelism and gene cor- 
relation in the parents there is reasonable agreement between the two classifications. 

In the earlier analysis the statistic measuring dominance is (/7;/D)!/*, an average of 
the degree of dominance (HAYMAN 1954b) at each locus or group of loci at which the 
parents differ. This may also be calculated from our d, and h,,. The degree of domi- 
nance (H,/ D)'* differs from our /evel of dominance, the mean value of | /,, |, in com- 
paring dominance deviations with additive deviations. It may be estimated whether 
or not the four conditions above hold but in the latter eventuality it must be to some 
extent a spurious measure of dominance. We show that, as with epistasis and level of 
dominance, epistasis is unrelated to the apparent degree of dominance (A,/D)'/, 
i.e. the spuriousness introduced into this estimator by epistasis is not systematic. 

One new restriction must be met. If we wish to estimate (/7,/D)'/? from the non- 
epistatic crosses of a diallel we must use a complete subdiallel or rectangular table 
selected from these crosses and this subtable may not reflect the general dominance of 
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the nonepistatic crosses. In each example we select the largest subdiallel that is not 
epistatic according to the x? test. Sometimes two such diallels can be found. In the 
left section of table 2 are the ratios of the average level of dominance of these sub- 
diallels to the average level of all nonepistatic crosses. Evidently the subdiallel may 
have a higher or lower level of dominance and two subdiallels from the one diallel 
may one be higher and one be lower. 

Table 3b contains estimates of (4; D)'” calculated jointly from the L; and L» 
tables (HAYMAN, in press). Clearly the change in (H,/D)"? obeys no rule. There are 
two exceptions to the possible rule that (/7,/D)"? rises when epistasis is eliminated and 
in any case the results within one example may be conflicting, e.g. maize yield. 
There are also two exceptions to the rule that the change in (7,/D)'? in passing from 
a complete diallel to an epistasis-free subdiallel is in the same direction as the change 
in the mean value of | /,, |. There does not even seem to be a relation to the selection 
history of the material. These reflect the different natures of what we have termed 
degree and level of dominance and the difficulties of arguing from samples from the 
complete diallel. However, both apparent degree and level of dominance are in accord 
in not being simply related to the presence of epistasis. Once again we reach the 
conclusion that epistasis is manifested in a variety of ways. 

It is of interest to investigate the reliability of (4,/D)'? as an estimator of the 
degree of dominance under failure of the last two conditions. We cannot select sub- 
diallels with constant W,— V, because our test of constancy, the analysis of variance 
of W, — V,, is invalidated by the elimination of extreme values of WW’, — V, but we 
can get a good idea of what would happen by removing either the array with the 
greatest, or the array with the least, value of W, — V, from each nonepistatic sub- 
diallel with heterogeneous W, — V,. The resulting pairs of values of (1 D)" are in 
the third column of table 3b. (7,/D)"” rises (first of each pair of values) when the 
array with the greatest value of W, — V, is removed and vice versa. This is not un- 
expected since each W, — V, is an estimate of }(D — H)) ina diallel cross satisfying 
the four conditions. In terms of the (V,, W,) graph, the removal of a point to the left 
of the best fitting line of unit slope shifts the line to the right and vice versa. (We 
have removed each extreme value of IV’, — V, and not just the single value deviating 
most from the mean because the positive skewness of the V, variance distribution 
means that the smallest value of W,. — V,, i.e. the point furthest to the right of the 
line in the (V,, W,) graph, would usually be removed and therefore (A,/D)"? usually 
lowered. In other words, reduction in degree of dominance by removal of extreme 
points is partly a statistical artifact.) Many of the subdiallels remaining after re- 
moving these arrays have constant W, — V,, insofar as the test of constancy is valid, 
e.g. in Nicotiana rustica (1953) height, so that the resulting (71,/D)"? are valid 
measures of the degree of dominance. Thus we have been able to find subdiallels the 
parents of which differ by genes or groups of genes with higher or lower dominance on 
the average than the apparent dominance of the complete set of nonepistatic genes. 
This suggests that (4,/D)'” is a good measure of the average degree of dominance in 
nonepistatic diallels even when W, — V, is variable. In other words, multiple allel- 
ism and nonindependent distribution of the genes in the parents, though disturbing 
the (V,, W,) graph, do not invalidate (77,/D)"? as a measure of the average degree of 
dominance. 
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The source of heterosis 

The various factors that have been associated with heterosis are: 

(1) Heterozygosity per se. 

(2) Accumulation in the heterozygote of favourable dominants from each parent. 

(3) Allelic interaction or overdominance. 

(4) Nonallelic interaction or epistasis. 

Heterozygosity per se has been discredited as a source of heterosis by several 
writers, e.g. JINKS and MATHER (1955) for the character stability. Similar arguments 
can be put forward against overdominance. Our analysis discredits the last three 
factors as sole sources of heterosis: the significant x? eliminate the second and third 
and the existence of nonepistatic but heterotic crosses eliminates the fourth. A 
combination of these factors must be operative. 

We may still ask whether a factor, if not wholly, is at least partly responsible for 
the heterotic effects in our examples. Up to 31 percent of the heterotic crosses in all 
the examples may be epistatic so that epistasis may contribute to heterosis in about 
one third of these crosses. In the remaining two thirds heterosis must be largely due 
to the second of third factors but our method cannot separate them. 

The other method of diallel analysis shows that the removal of epistatic crosses has 
no consistent effect on the apparent degree of dominance. Most of the nonepistatic 
diallels appear to show overdominance but since this method of analysis ignores 
segregation too it fails to distinguish between true single-gene overdominance (factor 
3) and that due to combinations of favourable dominants and unfavourable recessives 
in the parents (factor 2). In Vicotiana rustica height Jinks (1955) and we (table 3a) 
can find subdiallels showing only complete dominance (7, =D) so that in this species 
the genes are certainly not all overdominant. 


Combining ability 


HENDERSON (1952) defines general combining ability as the average with respect 
to some character of the progeny of an individual or line when mated with a random 
sample from some specified population. Specific combining ability is then the devia- 
tion of the average of the progeny of two individuals or lines from the value expected 
on the basis of the general combining abilities of the two parents. Now we are con- 
cerned not with a random sample from a population but with a given set of genotypes 
and our nearest approximation to the above definition of general combining ability 
of an individual is the average value in the diallel cross of its progeny excluding those 
of its own selfing. Our specific combining ability is then defined in terms of our gen- 
eral combining ability in the same way as HENDERSON’S. 

It is easy to see from our expectations for the family means in terms of m, d, and 
h,, that in the absence of epistasis general combining ability is composed of both addi- 


tive and dominance portions while specific combining ability mainly involves domi- 
nance. When epistasis is present we expect both these combining abilities to contain 
epistatic portions. In general combining ability this portion is an average of epistatic 
effects in the corresponding array while in specific combining ability it relates more 
directly to the epistasis in a particular cross. We can investigate the extent to which 
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specific combining ability is a measure of epistasis by plotting it against y,, . Table 3c 
contains the final result in each example of partitioning the variability of specific 
combining ability into environmental, epistatic and remaining genetic components. 

Only in maize yield is epistasis an important contributor to specific combining 
ability. It is actually the major contributor if allowance is made for the epistasis 
that might be revealed by backcrosses. In maize log-yield, too, it may contribute 
nearly one third of the total genetic component. In all the other examples epistasis is 
of minor importance: there is no connection between specific combining ability and 
our measure of epistasis, y,,. In the first example, where no epistasis was detected, 
specific combining ability is still highly variable, three quarters of this variability being 
assignable to genetic, i.e. to dominance variation. The conclusion we draw from this 
brief investigation is that in the unselected material specific combining ability is 
mainly a measure of dominance while in the selected maize it is more a measure of 
epistasis. 

Practical implications 

The main body of our work shows how to investigate epistasis in diallel crosses 
containing parental, F, and F, families. In particular the (/,., ,.) diagram shows 
what use, if any, can be made of epistasis in breeding for heterosis. In maize yield 
some progress might be achieved by transferring complementary genes into non- 
epistatic high dominance crosses or possibly by eliminating duplicate genes from some 
of the high dominance crosses but in this case our analysis really confirms that 
epistasis is already a source of heterosis. More progress should be possible in the other 
examples. In cotton yield complementary epistasis occurs only at low dominance 
levels and an advance would be expected from switching the epistatic genes into high 
dominance backgrounds. In .Vicotiana rustica flowering time and height both selection 
for complementary epistasis and selection against duplicate epistasis hold promise of 
advance. In cases where the choice exists selection for complementary epistasis should 
prove more rewarding than selection against duplicate epistasis: the latter can only be 
effective if the duplicate genes are actually suppressing each other’s action and not 
just failing to augment each other. A breeder is of course more concerned with the 
yields themselves than with their advantage over their parents but he could equally 
well use the graph of F; yields against y,,. The Li (V,, W,) diagram provides some 
indication of the parents which make epistatic crosses but to discover the particular 
pairs of parents which make epistatic crosses with each other and to have this in- 
formation free from disturbances due to multiple allelism and gene correlation other 
generations must be invoked. The place of specific combining ability is not clear. In 
unselected material it is unrelated to our y,, yet in the selected maize the two are 
closely connected. It might be interesting to run two selection programmes in paral- 
lel, one based on specific combining ability and the other on our measure of epistasis, 
Yeo 

In all this consideration of epistasis it should not be forgotten that dominance 
makes the larger contribution to heterosis in species where no selection for heterosis 
has been attempted. In any programme of breeding for heterosis in such a species 
dominance should receive the primary attention. The parental differences with their 
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indication of additive variation, the (V,, W,) graph describing the dominance proper- 
ties of the parents, and the examination of segregation in later generations (F»2 or 
backcross) to discover potential variation and separate spurious from possible true 
overdominance should all form a part of this programme. 

An important matter is repeatability. Before any of the above programme is 
attempted it is essential to repeat the whole experiment at least once to discover just 
what parts of our knowledge of the genetic situation remain unchanged from year to 
year. For instance, in .Vicoliana rustica we find that dominance effects are repeatable 
but that epistatic effects are not. 

One further matter of interest to the breeder on which our work has a bearing is 
the estimation of dominance. The most suitable measure of the average degree of 
dominance at loci in the parents is (A,/D)"?, Jinks and Hayman (1953) and Hay- 
MAN (1954b) maintained that this estimator was valid only in the restricted set of 
genetic circumstances defined earlier but we have shown that these restrictions may 
be relaxed and that multiple allelism and gene correlation in the parents do not 
seriously disturb it. We should remember though that (H,/D)'/2 measures dominance 
of the gene differences that actually exist in the parents, whether they be single- 
gene or group-gene differences, and does not measure the dominance of gene differ- 
ences potentially available from segregation of the parental genetic material. 

SUMMARY 

MATHER’S (1949) C test of epistasis is extended to a diallel cross. When epistasis is 
significant we can classify individual crosses as duplicate or complementary and 
investigate the relation between their epistasis and their apparent dominance or 
heterosis in a graph of, in effect, MATHER’s C as a measure of epistasis against a 
measure of apparent dominance. A survey shows that only in maize yield is heterosis 
directly related to epistasis. In other species and characters a wide variety of situa- 
tions exists and suggestions are made as to the selection of epistasis to increase heterosis 

The diallel analysis of Jinks and HayMAN (1953 and later) is shown to corroborate 
the new test of epistasis and the classification of epistatic crosses into two types. 

Heterosis is a composite phenomena: possible causes are epistasis, overdominance 
and accumulation of favorable dominants in the heterozygotes. The new analysis 
can separate epistasis from the other two causes but neither of the diallel analyses 
can distinguish between the latter two. Only consideration of segregation can do this. 
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